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Preface

This technical guidance document has been prepared to serve as a comprehensive aid in the
detailed selection, design, installation, and operation of indoor radon reductior measures
for existing houses based on active soil depressurization techniques. It is intended for use
by radon mitigation contractors. building contractors, concermned homeowners, state and
local officials, and other interested persons.

This document is the third edition of EPA’s technical guidance for indoor radon reduction
techniques. This document addresses primarily radon reduction techniques based on active
soil depressurization technology, which is one of the most widely used approaches for
reducing radon in existing houses. The document also addresses active soil pressurization
and passive soil depressurization techniques, because these less widely used techniques
bear a number of similarities to active depressurization systems.

This edition incorporates additional and updated information on active soil depressuriza-
tion techniques, reflecting new results and perspectives that have been obtained in this
developing field since the second edition of EPA’s technical guidance (EPA/625/5-87/019)
was published in January 1988, Thus, this document should be viewed as replacing Section
§ (“Soil Ventiation™) of the second edition.

This document does not provide guidance regarding indoor radon reduction technigques
other than active soil depressurization (and active soil pressurization and passive soil
depressurization). Persons interested in other techniques, including house ventilation, entry
route sealing, house pressure adjustments, air cleaners, and well water treatment, are
referred to the second edition of the technical guidance document.

Homeowners and occupants who are interested in a brief overview of the alternative radon
reduction techniques available, and of the steps to follow in geiting a radon reduction
system installed in their home, are referred to the booklet entitled Consumer’s Guide to
Radon Reduction, EPA-402-K92-003. Copies of that booklet, and of the second and third
editions of the detailed technical guidance document, can be obtained from the state
agencies and the EPA regional offices listed in Section 15. Copies of the second and third
editions of the technical guidance document can also be obtained from

ORD Publications Office
Center for Environmental Research Information
1.5, Environmental Protection Agency
26 West Martin Luther Xing Drive
Cincinnati, OH 45268-1072
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EPA Disclaimer Notice

The U.S. Environmental Protection Agency (EPA) strives to provide accurate, complete,
and useful information. However, neither EPA nor any person contributing to the prepara-
tion of this document makes any warranty, expressed or implied, with respect to the
usefulness or effectiveness of any information, method, or process disclosed in this
material. Nor does EPA assume any liability for the use of, or for damages arising from the
use of, any information, method, or process disclosed in this document.

Mention of firms, trade names, or commercial products in this document does not
constitute endorsement or recommendation for use.
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Glossary

ABS (acrylonitrile butadiene styrene)—A plastic that is resis-
tant to deterioration (e.g., by soil chemicals), similar to
PVC. ABS is used to make rigid piping that is commonly
used; e.g., for residential sewer lines and for perforated
drain tiles.

Active soil depressurization (ASD)—A class of techniques
for reducing radon concentrations inside buildings. These
techniques function by drawing radon-containing soil gas
away from the foundation and exhausting it outdoors
before it can enter the building.

Aggregate—As used here, aggregate refers to gravel or crushed
rock that is placed beneath concrete slabs during construc-
tion 1o provide an even, well-supported base for the con-
crete and to provide a capillary break for moisture pur-
poses, The term “gravel” may refer to crushed rock (e.g.,
pea gravel) or to naturally occurring material (e.g., river-
run gravel). The presence of sub-slab aggregate often
resuits in good sub-slab communication. The optimal ag-
gregate from the standpoint of radon mitigation is clean,
coarse aggregate, without substantial fine material to block
the open spaces between the larger rocks.

The term “aggregate” is also sometimes used in some
areas to refer to sand or sand/pebble mixtures, which can
also be used to support slabs and provide a capillary break.
However, in this document, the term is used only to refer
to gravel or crushed rock,

Air changes per hour (ach)—The number of times within 1
hour that the volume of air inside a house would nominally
be replaced, given the rate at which outdoor air is infiltrat-
ing the house, If 2 house has 1 ach, it means that all of the
air in the house will be nominally replaced in a 1-hour
period.

Alarm—As used here, a device that gives a visual or auditory
signal (such as a light or a buzzer) when the suction in an
ASD system moves outside the acceptable operating range
for that system. An alarm may or may not also include a
gauge 1o provide a reading of the actual suction in the
system

Alpha parttclesmA positively charged sub-atomlc particle,
comparable to the nucleus of a helium atom, emitted
during decay of certain radioactive elements, such as
radon and some of its progeny. The type of radiation
responsible for the luag cancer risk associated with radon
decay products. Many of the measurement devices used to
detect radon are based on the detection of alpha particles.

Backdrafting (of combustion appliances)—A condition where
the nmormal movement of combustion products up a flue,
resulting from the buoyant forces on the hot gases, is
reversed, so that the combustion products can enter the
house. Backdrafting of combustion appliances (such as
fireplaces and furnaces) can occur wher depressurization
in the house overwhelms the buoyant force on the hot
gases. Backdrafting can also be caused by high air pres-
sures at the chimney or flue termination.

Backer rod—A compressible, closed-cell polyethylene foam
material, which is formed into ropes or cords of alternative
diameters, Backer rod can be force-fit into wide cracks and
similar openings to serve as a support for caulking mate-
rial,

Band joist—Also called header joist, header plate, or rim
joist. A board (typically 2 x 10 in.!) that rests {on its 2-in.
dimension) on top of the sill plate around the perimeter of
the house. The ends of the floor joists are nailed into the
header joist that maintains spacing between the floor joists.

Baseboard duct—A. continuous system of sheet metal or
plastic channel ducting that is sealed over the joint be-
tween the wall and floor around the entire perimeter of the
basement. Holes drilied into hollow blocks in the wall
allow suction to be drawn on the walls and joint to remove
radon through the ducts 1o a release point away from the
inside of the house.

Basement——A type of house construction where the bottom
livable level has a slab (or occasionally an earthen floor)
that averages 3 ft or more below grade level on one or
more sides of the house.

Block cavities, block voids—The air space(s) within concrete
block or cinder block often used fo construct foundation
walls. The block cavities form an interconnected matrix
within a finished wall.

Block-wall depressurization (BWD)—A variation of the ASD
technology, where the system is attempting to depressur-
ize the interconnected cav1tnes inside the hollow-block
foundation wall. ‘

! Readers mors familiar with metric units may use the equivalents
listed at the end of the front matter.
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Glossary (continued)

Blower door—A device consisting of an instrumented fan that
can be mounted in an existing doorway of a house. By
determining the air flows through this fan required to
achieve different degrees of house depressurization, the
blower door permits determination of the tightness of the
house shell, and an estimation of the natural filtration rate.

Chemical smoke—An inert fine powder, resembling smoke,
which is released at selected locations during diagnostics
in order to visualize the direction of air movement at those
locations. Chemical smoke might be used, for example, to
determine whether soil gas appears to be entering the
house through selected openings in the slab. Chemical
smoke can be dispensed from specially designed guns,
botiles, or tubes, often by squeezing a rubber bulb on one
end of the device or by squeezing the sides of the plastic
bottle.

Cold air refurn—The registers and ducting that withdraw
house air from various parts of the house and direct it to a
central forced-air furnace or heat pump. The return ducting
is at low pressure relative to the house because the central
furnace fan draws air out of the house through this ducting.

Communication (as in “sub-slab communication”}—A mea-
sure of how well openings beneath the slab (e.g., through
porous gravel or soil under the slab) connect the sub-slab
region, permitting suctions (or flows) generated at one
point 1o extend to other points beneath the slab, Sub-siab
communication is classified here in three categories: good,
marginal, and poor. The concept of communication can
also be applied to communication between the sub-siab
region and the cavities in block foundation walls, commu-
nication beneath crawl-space membranes, etc,

Contractor (as in “radon contractor”)-—A building trades
professional who works for profit to correct radon prob-
lems; a radon remediation expert. Also referred to as a
radon mitigator. Through EPA’s Radon Contractor Profi-
ciency Program (RCPP), contractors can voluntarily dem-
onstrate their proficiency. Some state radiological health
offices also maintain lists of qualified professionals.

- Convective movement—As used here, the bulk flow of radon-
containing soil gas into the house as the resuit of pressure
differences between the house and the soil. Distinguished
from diffusive movement.

Coring drill—A large power drill that can cut circular cores
‘ (e.g., of 4- to 5-in. diameter) out of concrete slabs. Coring
drills can be operated dry (e.g., with a carbide bit) or wet
(e.g., with a diamond bit).

Crawl space—An area beneath the living space in some
houses, where the floor of the lowest living area is elevated
above grade level. This space (which generally provides
only enough head room for a person to crawi in} is not

living space but often contains utilities. Distinguished
from slab-on-grade or basement construction.

Crawl-space depressurization—A radon reduction approach
that has sometimes been applied to crawl-space houses,
-where an exhaust fan (blowing crawi-space air outdoors)
causes the crawl space to become depressurized relative to
the living area above. This approach prevents radon-con-
taining crawl-space air from flowing up into the living
area. Appears to be second only to SMD as an effective
alternative for treating crawl-space houses.

Cubic feet per minute (¢fm)—A measure of the volume of a
fluid (measured in cubic feet) flowing within a fixed
period of time (expressed in minues).

Depressurization—In houses, a condition that exists when the
air pressure inside the house is slightly lower than the air
pressure outside or the 50il gas pressure. The lower levels
of houses are essentially always depressurized during cold
weather because of the buoyant force on the warm indoor
air (creating the natural thermal stack effect). Houses can
also be depressurized by winds and by appliances that
exhaust indoor air, ASD systems attempt to depressurize
the soil (i.e., to reduce the soil gas pressure to a value
lower than the pressure in the house).

Detached houses—Single family dwellings as opposed to
apartments, duplexes, townhouses, or condominjums. Those
dwellings that are typically occupied by one family unit
and which do not share foundations and/or walls with
other family dwellings. '

Diagnostic testing—Tests conducted before or after the in-

staliation of a radon reduction system to aid in deciding

. which radon reduction technology to use, designing the

selected system, or evaluating the reasons why an instailed
system is not performing as anticipated.

Diffusive movement—The random movement of individual
atoms or molecules, such as radon atoms, in the absence of
{or independent of) bulk (convective) gas flow. Atoms of
radon can diffuse through tiny openings or even through
unbroken concrete slabs. Distinguished from convective
movement.

Drain tite—Perforated piping, usually constructed of flexible
corrugated black high-density polyethylene or polypropy-
lene, or of rigid ABS, PVC, or baked clay. Such tles are
buried beside the foundation of the house to collect water
arcund the foundation and route it away from the founda-
tion via a sump or a remote discharge.

Drain-tile depressurization (DT'D)—A variation of the ASD
technology, where the area around the foundation is de-
pressurized by drawing suction on drain tiles.
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Glossary (continued)

Effective leakage area—A parameter determined from blower
door testing, giving a measure of the tightness of the house
shell. Conceptally, this Ieakage area reflects the square
inches of open area through the house shell, through which
air can infiltrate or exfiltzate.

Entry routes—Pathways by which soil gas can flow into a
house. Openings through the flooring and walls where the
house contacts the soil.

EPDM (ethylene propylene diene monomer; a terpolymer of
that monomer)--A heavy rubberized membrane uvsed for
waterproofing flat roofs as a substitute for built-up tar-
and-felt roofs, For SMD gystems in crawl-space houses,
EPDM is one logical material to be laid on top of the
polyethylene sheeting along the routes of expected foot
traffic within the crawl space to protect the polyethylene
from being punctured.

Exfiltration—The movement of indoor air out of the house.

Exhaust fan—A fan oriented so that it blows indoor air out of
the house. Exhaust fans cause outdoor air (and soil gas) to
infiltrate at other locations in the house, to compensate for
the exhausted air.

Expansion joint—A gap through a concrete slab, vswvally
about 1/2-in. wide and filled with asphalt-impregnated
fibrous material. In some regions, such joints are installed
around the slab perimeter as the wall/floor joint. In other
cases, they are installed across the middle of the slab
(perpendicular to the front and rear walls). They are re-
ferred to as expansion joints because they would compress
if the slab ever expanded. They would also reduce crack-
ing if a segment of the slab shifted vertically relative to the
foundation walls or relative to another segment of the slab.

Flowable caulk—Refers to caulks {often urethane caulks in
this document} that are sufficiently fluid such that they
tend to flow like a viscous liquid prior to curing. Flowable
caulks have the advantage of flowing into cracks and
irregularities in the opening being sealed thus forming an
effective seal.

Footing(s)—A concrete or stone base, supporiing a founda-
tion wall, that is used to distribute the weight of the house
over the soil or subgrade underlying the house.

Forced-air furnace (or heat pump)—A central furnace or
heat pump that functions by recirculating the house air
through a heat exchanger in the furnace. A forced-air
furnace is distinguished from a central hot-water space
heating system or electric resistance heating.

Furring strip—A small strip of wood (usually 1- by 2-in. or
- by 4-in.)) that is commonly attached vertically to the
interior of block or poured concrete foundation walls
inside basements to support interior panelling being in-

stalled over the foundation walls; used in lieu of standard
2- by 4-in. studs. In radon mitigation, one occasional use
of furring strips can be to attach the crawl-space mem-
brane for SMD systems to the perimeter foundation wall.

Gamma meter—A portable, hand-held instrument that can be
used to measure the rate of energy release by gamma
radiation in microroentgens per hour.

Gamma radiation—Electromagnetic radiation released from
the nucieus of some radionuclides during radioactive de-
cay. Some gamma radiation, caused by radionuclides in
the surrounding soil and rock and cosmic radiation from
space, will exist in all houses. In infrequent cases, indoor
gamma radiation can also result from building materials
having elevated radionuclide concentrations.

Gauge—As used here, a device that provides a continuous,
quantitative measurement of the suction within the piping
of an ASD system, Gauges may or may not also be
equipped with an alarm that provides a visual or auditory
signal if the suction moves outside the acceptable range for
the system.

Grade (above or below)—The term by which the level of the
ground surrounding a house is known. In construction,
grade typically refers to the surface of the ground, Stnic-
tures can be located at grade, below grade, or above grade
relative 1o the surface of the ground.

Ground faulf interrupter switch—A switch that can be in-
statled in the power cord leading to masonry drills that are
being used to drill or core holes through concrete slabs,
The switch is intended to reduce the risk of electrical
shock to the workers by shutting off power to the drill if
there were a power surge (e.g., if there were a short circuit
in the drill) or if the bit hit an electrical conduit beneath the
skab,

Heat exchanger—A device used to transfer heat from one
stream o another, In air-to-air heat exchangers for residen-
tial use, heat from exhausted indoor air is transferred to
incoming outdoor air, without mixing the two sireams.

Heat recovery venfilators—Also known as air-to-air heater
exchangers or heat exchangers. :

Hollow-block wall, Block wall—A wall constructed using
hollow rectangular masonry blocks. The blocks might be
fabricated using a concrete base (concrete block) or using
ash remaining after combustion of solid fuels {(cinder
block). Walls constructed using hollow blocks form an
interconnected network with their interior hollow cavities,
Foundation walls are most commanly constructed either of
hollow block or of poured concrete, although other materi-
als (such as fieldstone or wood) are sometimes also used.
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Glossary (continued)

House air—Synonymous with indoor air. The air that occu-
pies the space within a house.

Indoor air—That air that occupies the space within a house or
other building.

Infiltration-—The movement of outdoor air or soil gas into a
house. The infiltration that occurs when all doors and
windows are closed is referred to in this document as the
natural closed-house infiltration rate. The reverse of exfil-
tration.

Installation costs—As used here, the cost to the homeowner
of having an indoor radon reduction system installed in a
house. If the system is installed by a professional mitiga-
tor, installation costs will include labor (including fringe
benefits), materials, overhead, and profit.

lonizing radiation—Any type of radiation capable of produc-
ing ionization in materials it contacts. Jonizing radiation
includes high energy charged particles, such as alpha and
beta particles, and non-particulate radiation, such as gamma
rays and X-rays. By comparison, wave radiation, such as
visible light and radio waves, does not ionize adjacent

- atoms.

Joist—Any of the parallel horizontal beams (commonly 2- by
10-in. boards) set from wall to wall to support the flooring
for a living space or attic overhead. For example, joists in
the basement ceiling will support the flooring for the first
floor. If the basement has a plasterboard ceiling, the ceil-
ing plasterboard will also be attached to these joists from
underneath.

Load-bearing-—A. erm referring to walls or other structures
in a house that contribute to supporting the weight of the
house.

Make-up air, Qutdoor source of draft air (to address com-
bustion appliance backdrafting)}—As used here, an out-
door supply of fresh air into the house to provide the
required draft air (and combustion air) needed for proper
movement of products of combustion up the flues of
combustion appliances. Such make-up air may be needed
in cases where an ASD system is found to be creating
backdrafting of combustion appliances through depressur-
ization of the house. The terin “make-up air” can also be
used to describe the supply of outdoor air into the house in
general, to prevent house depressurization by combustion
appliances and exhaust fans, in cases where an ASD
system has not been installed. “Make-up air” can also be
used to refer to fresh air drawn into the cold air return of
forced-air furnace systems to ventilate and perhaps even
pressurize the house. :

Manometer—A pressure-sensing device that displays pres-
sure differences between two locations by the level of a

colored liquid. Two types of such manometers (a U-tube
and a curved inclined manometer) are commonly used as
pressure gauges permanently mounted on ASD installa-
tions.

Magnehelic® gauge—A pressure gange manufactured by the
Dwyer Instrument Co. that displays pressures on a cali-
brated face. Such gauges are sometimes used as perma-
nently mounted pressure gauges on ASD installations.

Membrane—As used here, sheeting (commonly polyethyl-
ene) that is laid over the earthen or gravel floor of a crawl
space as part of a sub-membrane depressurization system.

Micromanometer—A pressure-sensing device capable of de-
tecting pressure differences as low as 0.001 in. WG.
Commonly used in diagnostic testing; e.g., to assess sub-
slab depressurizations created by a diagnostic vacuum
cleaner or a SSD system.

Microroentgen—The roentgen (R) is a unit of measure of the
total ionizing energy being produced by radiation in a unit
mass of air, A microrpentgen (UR) is 1 millionth {(10%) of 2
roentgen. Gamma radiation is commonly measured in
units of uR/hr: i.e., the rate at which ionizing energy is
released by the gammna rays per mass of air.

Mirigator—See Contractor.

Non-flowable caulk, Gun-grade canlk—Refers to caulks that
are sufficiently viscous such that the caulk bead will tend
to retain its shape prior to curing. Distinguished from
flowable caulks, Non-flowable caulks are less effective at
settling into cracks and irregularities in the opening being
sealed but are required in cases where the opening does not
provide a channei to contain the fluid movement of the
flowable caulks or where the opening is on a vertical
surface.

Operating costs—The costs to the homeowner/occupant of
continued operation of the radon reduction system. Oper-
ating costs include electricity to operate the ASD fan, the
house heating/cooling penalty resulting from the exhaust
of treated house air by the ASD system, system mainte-
nance (such as occasional fan repair/replacement), and the
costs for periodic follow-up radon measurements 1o ensure
that the system is continuing to be effective.

Passive soil depressurization—Soil depressurization tech-
niques that are analogous to ASD systems but which rely
on natural phenomena (thermal and wind effects) rather
than an active fan to develop the suction in the system.
Passive suctions will be much lower than fan-developed
suctions, and the performance of passive soil depressuriza-
tion systems will always be lower, less reliable, and more
variable than that for active systems.
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Glossary (continued)

PE (polyethyiene)—A polymeric, plastic-like material simi-
lar to PVC, Rigid polyethylene piping is sometimes used
in ASD system piping. Thin sheets of polyethylene (usu-
ally 6 to 10 mils thick) are commonly vsed as the mem-
brane over the crawl-space floor for SMD systems.

Perimeter channel drain, Canal drain (sometimes referred to
as a “French” drain}—A water drainage technique in-
stalled in basements of some houses during initial con-
struction. If present, typically consists of a 1- or 2-in. gap
between the basement block wall and the concrete floor
slab around the entire perimeter inside the basement. This
gap allows water seeping through block foundation walls
or flowing from on top of the slab to drain into the fill
beneath the slab. Often, this approach is utilizing the sub-
slab fill as a dry well. Sometimes, an interior sub-slab
drain tile loop (or, rarely, the channel drain itself) channels
this water to a sump in the basement. The term “French
drain” is sometimes also used to refer to a large gravel-
filled dry well on the exterior of the house (rather than
directly under the slab), which drains water away from the
foundation; that is not the definition intended in this docu-
ment,

Picocurie (pCi)-A unit of measurement of radicactivity. A
curie is the amount of any radionuclide that sndergoes
exactly 3.7 x 10'° radicactive disintegrations per second. A
picocurie is one trillionth (10'%) of a curie, or 0.037
disintegrations per second.

Picacurie per liter (pCi/L)—A common unit of measurement
of the concentration of radioactivity in a gas. A picocurie
per liter corresponds to 0.037 radioactive disintegrations
per second in every liter of air.

Plenum—A chamber into which air is forced, drawn, or
collected, prior to distribution to other locations.

Palyethylene—see PE.

Post-mitigation—Refers to any steps taken following the
installation of a radon reduction system in a house.

Poured concrete wall--A foundation wall constructed by
pouring concrete within forms that are removed after
construction. The most common alternative to hollow-
block walls.

Pre-mitigation—Refers to any steps taken prior to the instal-
_lation of a radon reduction system in a house.

P-trap—In plumbing applications, a horizontal section of
piping containing a U-shaped dip at one end (resembling a
horizontal letter “P”) installed directly below drains. The
intent is for water to stand in the U, creating a plug that
prevents odors or vermin from the sewer from entering the
house through the drain.

PVC (polyvinyl chioride}—A polymeric, plastic material that
is resistant to deterioration (e.g., by soil chemicais) and is
used in a wide variety of products. It is used to make rigid
piping that is cornmonly used; e.g., in residential sewer
lines, and as the piping for ASD systems. Flexible PYC
couplings can be used to join sections of rigid PVC piping.

Radon—The only naturally occurring radioactive element
that is a gas. Technically, the term “radon” can refer 1o any
of a number of radioactive isotopes having atomic number
86. In this document, the term is used to refer specificaily
to the isotope radon-222, the primary isotope present
inside houses. Radon-222 is directly created by the decay
of radium-226 in the uranium decay chain, and has a haif.
life of 3,82 days. Another common isotope of radon (ra-
don-220, also known as thoron) is a decay product of
radium-224, in the thorium decay chain; thoron has a
much shorter half-life (56 seconds) than does radon-222
and, hence, is generally not a serious problem inside
houses. However, where high thorium concentrations exist
in the soil very near the house or where high soil perme-
ability permits rapid movement of the thoron into the
house, thoron can sometimes be an important contributor
to total radon concentrations.

Radon Contractor Proficiency Program (RCPP)—A volun-
tary program established by the U.S. Environmental Pro-
tection Agency through which a radon mitigator, by pass-
ing an examination and by meeting certain other require-
ments, can demonstrate proficiency in this field.

Radon decay products (or radon progeny)—The four radioac-
tive elements that immediately follow radon-222 in the
decay chain. These elements are polonium-218, lead-214,
bismuth-214, and polonium-214, These elements have
such short half-lives that they exist only in the presence of
radon. The progeny are ultrafine solids that tend to adhere
to other solids, including dust particles in the air and solid
surfaces in a room. They adhere to lung tissne when
inhaled; the two decay products that are alpha emitters
{poloninm-218 and polonium-214) can then bombard the
tissue with alpha particies, thus creating the health risk
associated with radon. Also referred to as radon daunghters.

Re-entrainment—Used in this document to refer to the flow
of ASD exhaust gases back into the house after they have’
been discharged outdoors. Re-entrained exhaust can pre-
vent indoor radon concentrations from being reduced to
the extent that would otherwise be possible by the ASD
system. Discharge of the ASD exhaust above the house
eave and away from openings in the house shell is in-
tended to reduce (if not totally eliminate) re-entrainment,
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Glossary (continued)

Rotary hammer drill, Hammer drill—An electric power drill
that includes a hammering motion in addition to the rota-
tion of the drill bit, suitable for drilling through concrete,
The hammering motion is created by metal-to-metal con-
tact within the drill. These drills are smaller and less
powerful than are electro-pneumatic roto-stop hammers.

Roto-stop hammer, Electro-pnreumatic roto-stop hammer—
A large electrically driven power drill that provides a
hammering motion in addition to the rotation of the drill
bit, and which is larger and more powerful than a rotary
hammer drill. The hammering motion is created pneumati-
cally, using compressed air generated by a compressor
within the device. The hammer usually requires two hands
to operate. The term “roto-stop” refers to the fact that the
device can be adjusted to eliminate the rotary motion so
that it can be used as a chisel or electric jackhammer.

Sealing—Measures to close openings through slabs, founda-
tion walls, crawl-space membranes, or other parts of the
house. Sealing can be intended to prevent soil gas from
entering the structure through the particular opening or to
prevent house air from leaking out through the opening
(short-circuiting into an operating ASD system). “True”
sealing would refer 1o a 100% airtight seal, preventing all
copvective air movement through the opening (and, usu-
ally, preventing diffusive radon movement as well). In
practice, many seals will not be 100% effective at prevent-
ing convective and diffusive movement. To adequately
reduce short-circuiting of house air into ASD systems,
“true” seals are not necessary.

Sil! plate—A horizontal band (typically 2 x 6 in.) that rests on
top of a block or poured concrete foundation wall and
extends around the entire perimeter of the house. The ends
of the floor joists that support the fioor above the founda-
tion wail rest upon the sill plate.

Slab—A layer of concrete, typically about 4-in. thick, that
commonly serves as the floor of any part of a house
whenever the floor is in direct contact with the underlying
soil.

Slab below grade—A type of house construction where the
bottom floor is a slab that averages between 1 and 3 ft
below grade level on one or more sides.

Slab on grade—A type of house construction where the
bottom floor of & house is a slab that is no more than 1 ft
below grade level on any side of the house.

Sniffing (to estimate radon concentrations)}—A specific adap-
tation of grab sampling techniques for radon measure-
ment, to obtain a rapid estimate of the radon concentration
at potential entry routes {e.g., under slabs and inside block
wall cavities), Relative to standard grab sampling, uses a
much shorter counting time, and thus provides a less

quantitative radon measurement. Most commonly used in
pre-mitigation diagnostic testing.

Soil depressurization—Reducing the soil gas pressure (gen-
erally relative to the pressures inside a house), usually with
.the objective of preventing the convective flow of soil gas
up into the house.

Soil gas—Gas that is always present underground in the small
spaces between particles of the soil or in crevices in rock.
Major constituents of soil gas include nitrogen and oxygen
(from the outdoor air), water vapor, and carbon dioxide.
Since radium-226 is essentially always present in the soil
or rock, trace levels of radon-222 will exist in the soil gas.

Soil ventilation—Dilution of the soil gas with air drawn from
elsewhere, usually from the cutdoors or from inside the
house. Such ventilation reduces the radon concentration in
the soil gas, thus reducing the amount of radon that would
enter the house when the soil gas enters. Note the signifi-
cant distinction between “soil depressurization” and “soil
ventilation.” Sub-slab pressurization probably functions
Iargely by a soil ventilation mechanism, SSD systems,
while often functioning largely by a soil depressurization
mechanism, may also have a true soil ventilation compo-
nent,

Source term—3XRefers 1o the “strength” of the radon source in
the soil and rock underlying a house. This strength is
determined by the radium content of the soil and rock, the
fraction of the radon that actually enters the soil gas when
the radium decays, and the ease of soil gas movement
through the soil toward the house. In this document, the
term *“‘source term” is often used to refer to the concentra-
tion of radon in the soil gas.

Stack effect—The upward movement of house air when the
weather is cold caused by the buoyant force on the warm
house air. House air leaks out at the upper levels of the
house, and outdoor air (and soil gas) leaks in at the lower
levels to compensate. The continuous exfilration upstairs
and infiltration downstairs maintain the stack effect air
movement, so named because it is similar in principle to
hot combustion gases rising up a fireplace or furnace flue
stack.

Sub-membrane depressurization (SMD)—A variation of the
ASD technology commonly applied to crawl-space houses,
in which suction is drawn beneath a membrane that has
been placed over the earthen or gravel crawl-space floor.

Sub-membrane piping—Perforated piping, like drain tile,
that has been placed beneath the membrane of SMD
systems to aid in the distribution of the suction field
beneath the membrane,
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Glossary (continued)

Sub-slab depressurization (SSD)—A variation of the ASD
technology, where suction is drawn beneath the concrete
slab in a basement, slab-on- grade or slab-below-grade
house,

Suction field extension—A measure of how well suction
applied at one point {e.g., beneath the slab) extends to
other parts of the sub-slab region.

Suction pipes—Pipes, usually PVC, ABS, or PE, which are
installed (e.g., through slabs, walls, and membranes) in
order to draw suction as part of an ASD system.

Sump—A pit throngh a basement floor slab, designed to
collect water and thus avoid water problems in the base-
ment. Water is often directed into the sump by drain tiles
around the inside or outside of the footings.

Sump pump—A pump to move collected water out of the
sump pit, {0 an above-grade discharge remote from the
house. “Submersible™ sump pumps are designed for opera-
tion with the entire unit near or below the water level in the
sump, and the motors are thus designed to be corrosion-
resistant.. Submersible pumps are necessary any time the
sump pit is to be covered as part of the radon mitigation
system to resist rusting of the pump motor.

Tight house—A house with a low air exchange rate. If 0.5 to
0.9 ach is typical of modern housing, a tight house would
be one with an exchange rate well below 0.5 ach.

Top voids—The air space in the top course of blocks in
hollow-block foundation walls; that is, the course of block
to which the sill plate is attached and on which the walls of
the house rest,

Veneer, Brick veneer—A single layer of brick constructed on
the exterior face of an outer wall of a house or other
building (e.g., in lieu of wooden siding), to provide protec-
tion, insulation, and ornamentation. The brick veneer is
securely attached to the load-bearing frame or masonry
wall behind it, to prevent the brick from pulling away from
the house. However, the veneer is not designed to support
a load itself, other than the weight of the bricks.

Ventilation rate (of a house)}—The rate at which outdoor air
enters the house, displacing house air. The ventilation rate
depends on the tightness of the house shell, weather condi-
tions, and the operation of appliances (such as fans) influ-

. encing air movement. Commonly expressed in terms of air
changes per hour, or cubic feet per minute.

Visual survey (of a house)—A mandatory component of pre-
mitigation diagnostic testing. Involves inspection of the
house to aid in the selection and design of the radon
reduction measure.

Walllfloor joint—The junction between the slab (of a base-
ment or slab-on-grade house) and the foundation walls. In
many cases, this junction will be a small crack which is
perhaps only a hairline crack, or it can be perhaps 1/16-in
wide. In other cases, where this joint is a perimeter channek

“drain, the gap will be 1 to 2 in. wide. In still other cases, the
perimeter wall/floor joint may consist of an expansion
joint (a 1/2-in.-wide gap filled with asphait-impregnated
fibrous material), usually to better accommodate any verti-
cal shifting of the slab relative to the foundation walls.
Where the slab and the footings/foundation wall have been
poured as a monolithic pour, there may be no crack, other
than potential settling cracks.

Warm air supply—The ducting and registers that direct heated
house air from the forced-air furace, to the various parts
of the house. The supply ducting is at elevated pressure
relative to the house because the central furnace fan is
blowing air through this ducting.

Waterless frap—A trap, similar in function to the P-t:ap
commonly used in plumbing applications but not requiring
water in order to block sewer (or soil) gas from flowing up
into the house via floor drains, etc. The trap is designed
such that a weighted ball or ring seats in 2 manner to
prevent gas entry, even if the water in the trap dries out.
Very useful in sealing floor drains or providing a water
path through sump covers in radon mitigation systems, in
cases where water flow is likely to be so infrequent that a
standard water trap might dry out. Marketed under the
trade name Dranjer®,

WG, in. WG—The term “WG” stands for “water gauge.”
Inches of water is a unit of measure of pressure (or
suction); 1 in. of water pressure would be that pressure
able to sustain the weight of a column of water 1 in. high.
Atmospheric pressure (i.e., the pressure created on the
surface of the earth by the weight of air in the atmosphere)
is 33.9 ft, or about 407 in., of water at standard conditions.
One inch of water gauge (1 in. WG) is the reading that
would be provided by a pressure measurement device (a
“gauge”) if the pressure actually being measured by the
device were 1 in. of water greater than atmospheric (e, if
the absolute pressure being measured were 408 in. rather
than 407 in. of water). Also expressed as WC (“water
column™),

Working level (WL)-—A unit of measure of the exposure rate
to radon and radon progeny defined as the quantity of
short-lived progeny that will result in 1.3 x 10° MeV of
potential alpha energy per liter of air. Exposures are mea-
sured in working level months (WLM); e.2., an exposure
to 1 WL for 1 working month (170 howrs) is 1 WLM.
These units were developed originally to measure cumula-
tive work place exposure of underground uranium miners
to radon and continue t0 be used today as a measurement
of human exposure to radon and radon decay products.
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Metric Equivalents

Although it is EPA’s policy to use metric units in its documents, non-metric units are used
in this report for the reader’s convenience. Readers more accustomed to the metric system
may use the following factors to convert to that system,

Non-metric Times Yields metric
mil (0.001 in.) 0.0254 millimeter (mm)
inch (in.) 2.54 centimeter (cm)
foot (it) 30.5 centimeter (cm)
square foot (ft*) 0.093 sguare meter (m?)
cubic foot {(ft*) 28.3 Titer (L)
gallon (gal) 3.78 Hter (L)
cubic foot per minute 047 liter per second (L/sec)
{cfm, or ft*/min) )
inch of water gauge 249 pascal (Pa)
{in. WG)
degree Fahrenheit (°F) 5/9 (°F-32) degree Centigrade (°C)
British thermal unit (Biu) 1,060 joule ()
picocurie per liter 37 Becquerel per cubic meter
(pCy/L) (Bg/m?)
morocntgen 258 x 10 coulomb per kilogram

of air (C/kg)
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How to Use This Document

This document has been designed as a comprehensive
reference document that will most commonlty be used by
professional mitigators or by other persons interested in
the detailed design and installation of indoor radon
reduction systems for existing houses. As a result, the
document is lengthy. Because of the tremendous amount
of material to be covered, the discussion of the major
individual steps in selecting, diagnosing, designing, and
installing mitigation systems has necessarily been sepa-
rated into different sections. The size of this document
can complicate its effective use, especially by the first-
time user.

This section is a step-by-step summary of how to use
this document. To some extent, it is also an overview on
how to go about selecting, designing, installing, and
operating a radon reduction system for an existing house.
The steps in this process are summarized in Figure H-1.

Many of the steps involved in this process will often be
conducted by a professional mitigator. However, some
steps (such as long-term operation of the system) will
commonly be the responsibility of the homeowner or
occupant. :

Step 1. Determine that the house has a
radon problem and initiate action
to accomplish mitigation.

This step will be initiated or conducted by the
homeowner, relocation firm, etc., prior to involve-
ment by the mitigator.

IA. Measure radon levels in the house fo
determine whether there is a radon prob-
lem.

+  Can be done by homeowner using charcoal

' or alpha-track detectors; or owner can have

measurement done by a professional firm

(using any one of a variety of measurement
methods).

« Use EPA-recommended radon measurement
protocols. See EPA 402-R-92-004 (Refer-

H-1

ence EPA92d) and EPA 402-R-92-003
(EPAD3).

A summary of these measurement protocols
for homeowners is presented in A Citizen's
Guide to Radon, EPA/402-K92-001
(EPA92a).

IB. Take temporary measures to reduce ra-
don levels, prior to permanent mitiga-
tion, as warranted and as feasible.

The homeowner/occupant can increase house
ventilation and/or seal major soil gas entry
routes, as temporary measures while await-
ing the installation of the permanent mitiga-
tion systern.

Guidance for carrying out these temporary
measures is provided in Section 2.3 on page
24 of the second edition of the Technical
Guidance, EPA/625/5-87/019 (EPABSa).
Guidance for identifying radon entry routes
is provided in Section 2.2 (page 15) of the
second edition,

IC. Arrange for permanent mitigation of the
house.

The homeowner, relocation fimmn, etc., will
talk with one or more professional mitiga-
tors prior to selecting one to install a perma-
nent mitigation system in the house.

Owners should not consider installing a sys-
tem on a do-it-yourself basis unless they
feel fully conversant with the principles of -
mitigation and with the information in this
tnanual, o

See Section 2.5.1 (page 41} of the second
edition of Technical Guidance.

For assistance in locating and selecting a
mitigator, see the sources of information
listed in Section 15 of this document.



Figure H-1.

Step 1. Determine if house has a radon problem
1A, Measure radon levels (References EPAS2d und EPA93).
1B. Take temporary measures to reducs radon, if warranted.
1G. Arange for mitigation,
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Step 2, Select the appropriate radon reduction technique
2A. Conduct a visual inspection (Section 3.2),
- Should a technique other than ASD be considered?
{In the large majority of cases, ASD will give the greatest,
most reliazble, best demonstrated, and most cost-effective
reductions.)
- Assuming that ASD is the techmqua of choice, which variation
of the ASD technology is appropriate? (Sections 2.2 and 3.2}
2B. Conduct other diagnostic testing if neaded in special cases to
assess whether techniques other than ASD should be considered
{Section 3.5). (Such diagnostics will often not be necessary.}

'

Step 3. Design the ASD radon reduction system
3A. Conduct a visual inspection (Section 3.2).
38. Conduct other diagnostic testing if needed (Sections 3.3, 3.4, 3.5)
{Such diagnostics will not always be necessary,)
3C. Develop the detailed design (Sections 4 through 10).
Select number of suction pipes (Sections 4.1, 5.1, ete.).
Select location of suction pipes (Sections 4.2, 5.2, etc.).
Select suction pipe type and diameter (Section 4.3, 5.3, elc.).
Selvct suction fan (Section 4.4, 5.4, etc.).
- Design piping network and exhaust system (Section 4.6, 5.6, atc.).
- Identify sealing effort required (Section 4.7, 5.7, etc.).
30D. Estimate the installation cost (Section 13),

'

Step 4. Install the ASD radon reduction system
installation of suction pipes (Section 4.5, 5.5, etc.).
Installation of piping network and fan (Section 4.6, 5.6, elc.).
Completion of sealing steps {Sections 4.7, 8.7, etc.).
Installation of gauges/alarms and labelling {Section 4.8, 5.8, etc.).

L 2

Step 5. Confirm that instalied ASD system is operating properly
5A. Conduct routine post-mitigation diagnostics to confirm proper
performance {Sections 11.2 through 11.5}.

5B. Conduct trouble-shooting diagnostics when system is not performing
adequately (Sections 11.6 through 11.11).

v

Step 6. Ensure proper long-term operation and meaintenance

SA. Provide basic operation/maintenance information to owner/occupant
{Section 12.1).

68. Continue to operate and maintain the system {owner/occupant
responsibility) (Section 12.2).

6C. Make periodic follow-up indoor radon measurements (Section 12.2.3).

6D. ‘Owner/occupant should understand system operating costs
(Section 13).

A summary of the steps to be followed in using this document,
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Step 2. Select the appropriate radon re-
duction technique for that house.

The selection of a mitigation system depends upon
house characteristics and radon levels. In the major-
ity of cases, professional mitigators will determine
that the most efficient, reliable, and cost-effective
radon reduction technique will be some suitable
variation of the active soil depressurization (ASD)
technology. But in some cases, other approaches can
or should be considered.

2A. Conduct a visual inspection of the house,
in accordance with Section 3.2 of this
document.

+ Are a combination of factors present that
might complicate the application of ASD to
that house?

Suspected poor sub-slab communica-
tion.

Fieldstone foundation walls,
Inacéessible crawl space.
Complex substructure.
High degree of finish.

Well water or building materials strongly
suspected of being the radon source.

«  Are factors present suggesting that specific
other radon reduction approaches (other than
ASD)} might be candidates?

A tight basement, suggesting the possi-
bility of applying basement pressuriza-
tion; occupants whose life-style would
be amenable to a basement pressuriza-
tion approach.

A tight and/or inaccessible crawl space,
suggesting the potential for applying
crawl-space depressurization.

Relatively low pre-mitigation radon con-
centrations, so that only perhaps 50%
radon reduction is required, in which

case a heat recovery ventilator might

be considered,.

Low pre-mitigation radon concentra-
tions, combined with major soil gas en-
try routes, which might suggest that a
stand-alone sealing approach could be
considered.

~ Well-drained, gravelly, native soil, sug-

gesting that active soil pressurization
may be preferred over ASD.

Suspected high well water radon con-
centrations, suggesting that well water
freatment may be needed instead of, or
in addition to, ASD.

Suspected high-radium building materi-
als contributing to indoor radon (rare in
most places), in which case some type
of barrier coating or source removal
might be considered.

If there are no factors ruling out ASD, which
variation of the ASD technology is appro-
priate? (See Section 2.2 of this document,
in addition to Section 3.2).

Sub-slab depressurization (SSD), pre-
ferred in almost all houses having slabs
(i.e., basements and slabs on grade)
where drain tiles are not present.

Drain-tile depressurization in cases
where the tiles drain to a sump in the
basement (sump/DTD); an alternative
to SSD when a sump having drain tiles
is present.

Drain-tile depressurization in cases
where the tiles drain to an above-grade
discharge or dry well (DTD/remote dis-
charge); an alternative to SSD that can
be considered when such tiles are
present.

Block-wall depressurization (BWD),
usually used only as a supplement to
SSD, DTD, or SMD in cases where
these other techniques do not adequately
treat entry routes associated with the
block walls.

Sub-membrane depressurization
(SMD), the only ASD variation appli-
cable in crawl-space houses having
earth- or gravel-floored crawl spaces.



2B. Conduct any other pre-mitigation diag-

nostic testing required to enable final
selection of the appropriate radon reduc-
tion approach for that house. (See appro-
priate portions of Section 3 of this docu-
ment.)

In many cases, no diagnostic testing beyond
the visual survey will be needed to make the
final selection of the radon reduction tech-
nique.

Blower door testing (Section 3.5.5) to de-
termine if the basement is sufficiently tight
to warrant practical consideration of base-
ment pressurization. Basement pressuriza-
tion is usually considered only when appli-
cation of ASD is complicated (e.g., by poor
sub-slab communication and/or by field-
stone foundation walis) and altermnatives to
ASD are thus being weighed.

Biower door testing (Section 3.5.5) to de-
termine if a crawl space is sufficiently tight
to make crawl-space depressurization an
effective alternative to SMD.

Blower door testing (Section 3.5.5) to de-
termine if the house is sufficiently tight to
warrant practical consideration of a heat
recovery venfilator to achieve the desired
degree of radon reduction. (Usually con-
ducted only where aliemnatives to ASD must
be weighed; e.g., due to poor communica-
tion, fieldstone walls, and/or homeowner
preference for an HRV.)

Well water analysis (Section 3.5.2) to de-
termine whether well water freatment should
be considered as a supplement to, or re-
placement for, ASD in order to adequately
reduce airborne radon concentrations.
(Would usually be conducted only in cases
where wells in the area have been observed
to contain significantly elevated radon lev-
els.)

(Gamma radiation measurements or flux mea-
surements (Section 3.5.3) to determine
whether building materials are a significant
source of radon and, hence, whether barri-
ers or source removal may be needed. (Of-
" ten conducted only where local experience

suggests that building materials may be a
source.)

Step 3. Design the radon reduction tech-
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nique for that house.

Since this document addresses only ASD, the fol-

_lowing discussion focuses on the design of ASD
systems. For the design of other radon reduction

techniques, refer to the appropriate section of the
second edition of Technical Guidance, EPAJ625/5-
87/019 (EPA88a).

3A.

Conduct a visual inspection of the house,
in accordance with Section 3.2 of this
document.

‘The visual survey discussed in Step 2A above,
in connection with selection of the reduction
technique, will also provide most of the infor-
mation needed for effective design of the ASD
system Often, this survey will be the only

“pre-mitigation diagnostic testing” needed to
design an ASD system.

Factors that would influence the number
and location of SSD suction pipes (e.g.,
observed sub-slab aggregate, house floor
plan and finish, sub-slab utilities).

Factors that would influence the design of a
crawl-space SMD system (e.g., size of crawl
space, nature of the crawl-space floor, ac-
cessibility).

Factors that would influence the routing of
the ASD exhaust piping (e.g., house finish,
accessibility of an existing utility chase,
presence or absence of an attic, location of
an adjoining garage).

Factors that would influence the degree of
slab or wall sealing that would be required
{e.g., the presence of a perimeter channel
drain between the slab and the. foundation
wall).

Driving forces for radon entry that might
influence ASD design (i.e., major exhaust
fans that could depressurize the house suffi-
ciently to provide a major challenge to the
system). See also Section 2.2 on page 15 of
the second edition of Technical Guidance.



3B. Conduct any other pre-mitigation diag-
nostic testing needed to permit effective
design of the ASD system. (See appropri-
ate portions of Section 3 of this docu-
ment.)

« If any pre-mitigation diagnostic test is re-
guired in addition to the visual survey, this
test will most often be a gualitative assess-
ment of sub-slab communication (Section
3.3.1 of this document).

- Telis qualitatively whether sub-slab
communication is good, marginal, or
poor.

- Is conducted primarily when visual evi-
dence or other experience in the area
provides no clue regarding the general
nature of the sub-slab communication;
i.e., whether the system is likely to need
one SSD suction pipe or several.

» Other diagnostic tests to aid in ASD design
(beyond the qualitative commurication test)
will often not be cost-effective for profes-
sional mitigators. These other tests include

- Radon grab sampling or “sniffing” be-
neath the slab, inside block walls, and at
suspected soil gas entry routes (Section
3.4).

- Quantitative measurement of sub-slab
communication (Section 3.3.2).

- Quantitative measurement of the flows

produced by the sub-siab region (Sec-
tion 3.5.1).

3C. Develop the detailed design of the ASD

system, using one of the following sec-
tions of this document:

+  Section 4 (for SSD systems)
» Section 5 (for sump/DTD systems)

« Section 6 (for DTD/remote discharge sys-
tems)

+ Section 7 (for BWD systems)
« Section 8 (for crawl-space SMD systems)

+ Section 9 (for active soil pressurization
systems)

«  Section 10 (for passive soil depressuriza-
tion systems)

The information base supporting the design guidance for
the ASD systems in Sections 4 through 8 is presented
in Section 2.3 of this document. Data supporting the
guidance for active pressurization systems are in Sec-
tion 2.4, and for passive depressurization systems in
Section 2.5,

.+ Guidance for selecting the number of suc-
tion pipes is presented in the first sub-sec-
tion within Sections 4 through 10 (e.g., in
Section 4.1 for SSD systems).

+  Guidance for selecting the location of the
suction pipes is presented in the second
sub-section (e.g.. Section 4.2).

+  Quidance for selecting the type and diam-
eter of the suction pipes is presented in the
third sub-section (e.g., Section 4.3).

» Guidance for selecting the suction fan is
presented in the fourth sub-section (e.g.,
Section 4.4).

» Guidance for the design of the piping net-
work and exhaust system is presented in
the sixth sub-section (e.g., Section 4.6).

* Quidance for the design of the sealing ef.
Jfort required in conjunction with the ASD
system is presented in the seventh sub-sec-
tion (e.g., Section 4.7).

3D. Estimate the costs to install the designed
ASD system.

» The cost for installation by a professional
mitigator will depend on the house and miti-
gation system characteristics, the mitigator’s
practices, and the mitigator’s labor rates
(including fringe benefits), materials costs,
overhead, and profit margin.

+ Typical installation costs for-each variation
of the ASD technology are presented in
Section 13 of this document (e.g., in Sec-
tion 13.1.1 for SSD systems, Section 13.2.1
for sump/DTD systems, efc.).

- See summary of installation costs for

the alternative ASD variations in Table
6, Section 13.8.
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Step 4.

Install the radon reduction sys-
tem in that house.

Since this document addresses only ASD, the fol-
lowing discussion focuses on the installation of
ASD systems, For installation of other radon reduc-
tion techniques, refer to the appropriate section of
the second edition of Technical Guidance (EPA/
625/5-87/019).

4A.

Step 5.

5A.

Proceed with the installation of the sys-
tem in accordance with the design, using
the appropriate section of this document
(Sections 4 through 10).

As with the design guidance in Step 3C above,
the data base supporting this installation guid-
ance is presented in Sections 2.3, 2.4, and 2.5
of this document.

Guidance for installing the suction pipes in
the slab, wall, or membrane is presented in
the fifth sub-section within Sections 4
through 10 (e.g., in Section 4.5 for SSD
systems).

Guidance for installing the piping network
and the exhaust system is presented in the
sixth sub-section (e.g., Section 4.6).

Guidance for completing the sealing steps
required in conjunction with the ASD sys-
tem is presented in the seventh sub-section
(e.g., Section 4.7).

Guidance for installing gauges and/or
alarms on the systems, and for labelling the
system components, is presented in the
eighth sub-section {(e.g., Section 4.8).

Confirm that the installed system
is operating properly.

Conduct post-mitigation diagnostic tests
that are required in all cases, even when
the ASD system appears to be operating

well, as described in Section 11 of this
document.

Complete a visual inspection of the in-

stalled system as a routine quality assurance

step, as described in Section 11.2, to con-
firm that all detaiis have been completed

properly.
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Measure suction (and possibly flow) in the
system piping, a step that can be completed
while a pressure gauge is being installed in
the system piping. See Section 11.3.

Measure the indoor radon concentrations
achieved by the system since this is the real
measure of system performance, as described
in Section 11.4.

- Complete a short-term radon measure-
ment within 30 days after system instal-
lation or ensure that the homeowner/
occupant completes such a measurement
(Section 11.4.1).

- Recommend that the owner/occupant
also make a long-term radon measure-
ment (Section 11.4.2).

Test for combustion appliance backdrafi-
ing, as described in Section 11.5.

SB. Conduct post-mitigation diagnostic tests

on a trouble-shooting basis, to determine
how a system that is not performing ad-
equately can be improved,

- Conduct suction field extension measure-
ments beneath the slab, inside the block
wall, or beneath the SMD membrane (Sec-
fion 11.6).

- Probably the most effective and most
commonly used post-mitigation diag- -
nostic when ASD systems do not per-
form well.

- Most common reason for inadequate
performance is that suction field is not
extending adequately.

Conduct radon grab sampling or “sniff-
ing” measurements (Section 11.7).

- Can be used to assess the relative im-
portance of alternative potential entry
routes.

- As one specific exampie, high residual
radon concentrations inside an individual
block foundation wall in houses having
a SSD, DTD, or SMD system could
suggest that a BWD component should
be added to the system to treat that wall,



Conduct chemical smoke flow visualiza-
tion tests, as described in Section 11.8, to
help identify potential entry routes not be-
ing adequately depressurized.

Conduct well water radon analyses or
gammua surveys to assess building materi-
als as a radon source, as discussed in Sec-
tions 11.10 and 11.11, if these tests were
not conducted prior to mitigation and if all
other possible reasons for elevated residual
post-mitigation radon levels have been elimi-
nated.

Step 6. Ensure proper long-term opera-

6A.

tion and maintenance of the ASD
system.

Provide the homeownerfoccupant with
information to help ensure proper opera-
tion and maintenance of the system (Sec-
tion 12.1).

This step is the responsibility of the prbfes-
sional mitigator.

According to EPA’s interim mitigation stan-
dards (Reference EPA91b), the ownerfoc-
cupant shall be provided with the following
information.

- A description of the system, at a central
label.

- The system characteristics representa-
tive of proper operation (e.g., the proper
range of readings that can be expected
on any pressure gauge mounted on the
system piping).

- The name and telephone number of the
mitigator, {0 contact if the system stops
performing properly.

- A statement indicating any required
maintenance by the owner/occupant.

Other information that might be provided,
depending on the mitigator’s practice, in-
cludes '

- Copies of warranties and manufacturer’s
brochures. :

- The operating principles of the system.
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- Corrective action that can be taken if
the system operation ever moves out-
side the acceptable range (including
steps the occupant can take directly prior
to calling a professional mitigator for
repairs).

6B. Continue o operate and maintain the

system properly.

. This step is the responsibility of the home-

owner Or occupant.

Ensure continued proper operation of the
system fan (Section 12.2.1 of this docu.
ment).

- When the house is occupied, do not turn
the fan off or down to a lower power
setting than that at which it was left by
the mitigator.

- Bestradon reduction performance is ob-
tained when the fans are operated at full
power.

- Take appropriate action if the suctions
in the system piping, as indicated on a
gauge, fall below (or rise above) the
acceptable range marked on the gauge
‘by the mitigator; or, if there is no gauge,
if a system alarm or some other indica-
tor suggests that the system may not be
operating properly. (See specific proce-
dures in Section 12.2.1.)

- Aprofessional mitigator may have to be
called in to make repairs,

- There are some simple diagnostic steps
the owner or occupant can take directly
prior to calling a mitigator.

- Atsome interval (4 to 10 years), the fan
will have to be repaired or replaced.

Periodically inspect the system piping in an
effort to ensure that blockage by ice or
moisture does not occur (see Section 12.2.2),

Periodically inspect seals in the system pip-
ing, and seals that were installed in the
house foundation as part of the mitigation
system (Section 12.2.2).



Repair seals as necessary.

With crawl-space SMD systems, “seal
repair” may involve occasional major
repairs or replacement of membrane.

6C. Make periodic follow-up indoor radon
measurements to confirm that the miti-
gation system is confinuing fo perform
adequately (Sections 12.2.3 and 13.1.2).

EPA recommends re-testing at least once
every 2 years.

Can be done directly by homeowner/
occupant using a charcoal or alpha-track
detector; or, a professional measurement
firm could be hired.

Measurement should be made in fre-
quently occupied part of house.

Long-term measurement {e.g., with al-
pha-track detector) is probably advis-
able unless some recent apparent change
in system performance warrants a more
rapid measurement {e.g., using a char-
coal detector).
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6D.

Measurements more frequent than once ev-

ery 2 years are advisable if there is any
apparent change in system performance (e.g.,
a change in system suctions) or if the house
has been modified.

EPA recommends that the owner/occu-
pant be advised of the annual operating
costs associated with operation and main-
tenance of the ASD system (Section 13).

The operating costs consist of four elements:

The electricity to operate the fan.

The house heating/cooling penalty, re-
sulting from treated house air being ex-
hausted by the system.

The cost of system maintenance (repair/
replacement of fans on all ASD sys-
tems, repair of seals, and occasional
major repait/replacement of membrane
for crawl-space SMD systems).

The cost of periodic follow-up indoor
radon measurements.

The range of values for these operating
costs are summarized in Table 6 in Section
13.8, for the alternative ASD variations.



Section 1
Introduction

1.1 Purpose

This technical guidance document is designed to aid in the
selection, design, and operation of indoor radon reduction
techniques using soil depressurization in existing houses. In
particular, it draws from the experience of numerous research-
ers and radon mitigators over the past eight years and distills
this information into practical guidance. The guidance should
enable the design, instailation, and evaluation of soil depres-
surization systems with increased confidence, with reduced
system costs, and/or improved system performance, under a
variety of conditions.

As the term is used here, “guidance” represents a recommen-
dation of what EPA considers to be a reasonable course of
action for a given set of conditions, based on experience to
date. Often, alternative reasonable courses of action are pos-
sible. Where this situation occurs, this document attempts to
provide readers with sufficient background to permit an in-
formed decision for their specific sets of circumstances, A
mitigator will sometimes face special circumstances where
the guidance in this document might not represent the pre-
ferred approach in that specific case; a careful, informed
judgement of the necessary approach must be made in such
special cases. Following the EPA guidance will not, in all
cases, guarantee a fully successful mitigation system. How-
ever, by effectively drawing upon the prior experience, use of
the guidance should reduce the risk of installing an unsuccess-
ful system and should facilitate making the subsequent modi-
fications needed to achieve success.

The term “guidance” must be distinguished from the term
“standard.” Guidance is a recommendation of what generally
appears to be good practice. In many cases here, the guidance
is a recommendation of multiple alternative courses of action
that appear reasonable, from among which the user can choose.
Users of this document have the option of following these
recommendations or of using a different approach where
warranted by their particular circumstances.

By comparison, standards are prescribed procedures or re-
. quirements which must be met. As discussed later, EPA has
issued interim standards and is in the process of developing
final standards that radon mitigation contractors must follow
if they wish to be listed under the Agency’s Radon Contractor
Proficiency Program (RCPP). Many of these standards are
mentioned at appropriate locations in this document. Where
individual standards are mentioned, the text clearly indicates
which features are standards (and are thus considered manda-

tory for RCPP-listed mitigators) and which features are guid-
ance (and are thus subject to the judgement of the user).

This document updates and replaces Section 5 (Soil Ventila-
tion) of the second edition of EPA’s Technical Guidance
(EPABRa). Other EPA publications providing information on
indoor radon reduction in houses include

~  Consumer’ s Guide to Radon Reduction (EPA92c), a book-
let which provides a concise overview for homeowners of
alternative radon reduction technigues.

- Application of Radon Reduction Methods (EPAR9a), which
is intended to direct a user through the steps of diagnos-
ing a radon problem, selecting a reduction method, and
designing/finstalling/operating a radon reduction system
in existing houses, with less detail than is presented in the
technical guidance documents,

- Radon Contractor Proficiency Program Interim Radon
Mitigation Standards (EPA91b), which list the criteria
that commercial mitigators are expected to meet if they
are listed as proficient under the RCPP. Final radon
mitigation standards, which will replace the interim stan-
dards, are currently in preparation,

- Radon Reduction in New Construction: An Interim Guide
(EPA87a), a brochure summarizing features that can be
incorporated into a house during construction to reduce
indoor radon levels.

- Radon-Resistant Construction Techniques for New Resi-
dential Construction: Technical Guidance (EPA9 1a),
EPA’s technical guidance document specxfically for Ta-
don reduction in houses during construction.

Further information on the indoor radon problem in general
can be obtained from the following EPA publications, among
others:

~ A Citizen' s Guide to Radon (Second Edition) (EPA92a),a
booklet providing background concerning radon and sum-
marizing health risks, measurement methods, and reduc-
tion approaches.

- Technical Support Document for the Second Edition of
the Citizen’s Guide fo Radon (EPA92b); this support
document provides the information supporting the guid-
ance in the Citizen's Guide.



- Radon Reference Manual (EPA87b), which provides ad-
ditional background information on indoor radon (e.g.,
nature and origin, health effects, geographic distribution,
and measurement),

1.2 Scope

This technical guidance document addresses the design, in-
stallation, and operation of soil depressurization systems for
radon reduction in existing houses. Alternative radon reduc-
tion methods, including structure ventilation, sealing of entry
routes, structure pressure adjustments, air cleaning, and well
water treatment, are not addressed here. Until the third edition
of the Techrical Guidance is expanded in the future to update
these other reduction methods, readers interested in these
other methods are referred to the second edition.

The emphasis in this document is on active soil depressuriza-
tion, i.e,, on systems which use a fan to depressurize the soil.
However, active soll pressurization, where the systern fan is
reversed to blow outdoor air into the soil, is covered in
Section 9. In addition, passive soil depressurization is also
addressed in Section 10: with passive systems, natural phe-
nomena, including the indoor vs. outdoor temperatures and
the flow of winds over the roof-line, are relied upon to provide
the depressurization instead of a fan.

This document focuses on the retrofit of radon reduction
methods into existing houses as distinguished from the incor-
poration or radon-resistant features into new houses during
construction. Separate guidance has been issued on the sub-
ject of new construction (EPA87a, EPA91a). The soil depres-
surization methods described in this document will be gener-
ally applicable to new construction. However, incorporation
of reduction methods during the construction phase permits
certain house construction feateres 10 be modified to improve
system performance. Thus, the approach to system design and
instaliation and the utilization of other reduction approaches
{such as sealing} can be quite different for new construction
relative to retrofit into existing houses.

As reflected by the tite, this document focuses on detached
houses, as distinguished from multi-family dwellings (apart-
ments, condominiums) and from large buildings, such as
schools and commercial buildings. Separate technical guid-
ance has been issued for school buildings (EPA89b). The
active soil depressurization methods described in this docu-
ment will be generally applicable to these other types of
buildings, However, because of the size and of some impor-
1ant differences in construction methods used in these larger
buildings, the approach used in system design and installation
of the soil depressurization system can be different. More-
over, other reduction approaches (such as building pressure
adjustment through modifications to the ventilation system)
can more often play a role in these large buildings.

As discussed in Section 2.1, this document addresses all
variations of the soil depressurization approach, including
sub-slab depressurization, drain-tile depressurization, block-
wall depressurization, and sub-membrane depressurization in
craw! spaces. One or more of these variations can be applied
10 each of the house substructure types (basements, slabs on

grade, crawl spaces, and combinations of these). These tech-
niques can be applied to address essentially any pre-mitiga-
tion radon concentration, from extremely elevated to only
slightly elevated. :

Soil depressurization techniques can treat only that radon
entering the house as a component of soil gas. Thus, this
document addresses only those cases where the radon prob-
lem is due to natrally occurring wvranium/radium in the
underlying soil and rock or to contaminated fill underneath
the house (e.g., uranium mill tailings). Soil depressurization
techniques cannot treat cases where the airborne radon in the
house enters with the well water or emanates from the build-
ing materials (due to, for example, contaminated aggregate
used in the concrete ).

1.3 Content

This document consists of five major elements,

1. General information on soil depressurization technology,
incinding the principles involved with each variation of
soil depressurization (Section 2.1) and the conditions
under which each variation is particularly applicable or
inapplicable (Section 2.2), This information also includes
a detailed summary of the availabie data demonstrating
the performance of each variation as a function of the
range of house design, house operation, system design,
system operation, and geology/climate variables (Sec-
tions 2.3, 2.4, and 2.5).

2. A description of the diagnostic test procedures that can be
used prior to mitigation to enable cost-effective design
and installation of systems. See Section 3. Procedures are
described for the full range of possible pre-mitigation
diagnostic tests. Emphasis is placed on the three pre-
mitigation diagnostic tests most commonly found to be
cost-effective in aiding the design of soil depressurization
systems: a visual survey of the house; sub-slab suction
field extension measurements; and radon grab sampling
and sniffing,

3. Detailed guidance on the design and installation of each
variation of the soil depressurization technique. This
detailed guidance is included in Sections 4 through 8,
with one section devoted to each of the soil depressuriza-
tion variations. Guidance on design and installation of
active soil pressurization and of passive soil depressur-
ization—to the extent possible, given the much more
limited experience with these two approaches--is pre-
sented in Sections 9 and 10, respectively.

4. A description of the diagnostic test procedures that should
be used following installation of a system to ensure that
the system is operating properly and/or to diagnose the
cause of the problem if it is not performing adeguately.
See Section 11.

5. A description of system operation and maintenance re-
quirements (Section 12).



In addition, estimated installation and operating cost ranges
for these systems are presented in Section 13. These cost
ranges should be inclusive of most, but not all, of the soil
depressurization instaflations throughout the continental U.S.,
in 1991 dollars.

1.4 Reason for Focus on Active
Soil Depressurization

This revision to the second edition of EPA’s Technical Guid-
ance focuses on active soil depressurization for two reasons.

1. Active soil depressurization is the most consistently ef-
fective radon reduction method in existing houses, and is
the technique most widely used by commercial mitiga-
tors.

Active soil depressurization systems have consistently
been found to provide high indoor radon reductions with
good reliability. Most commercial mitigators appear to
include active soil depressurization as the central compo-
nent in most of their installations, especially when reduc-
tions greater than perhaps 50% are required. By compari-
son, the other mitigation approaches-—house or crawl-
space ventilation (with or without heat recovery), entry
route sealing, house pressurization (or crawl-space pres-
surization or depressurization), and indoor air cleaners—
have each been found to be distinctly less effective and/for
less reliable than active soil depressurization. In addition,
some of these techniques offer other drawbacks—e.g., a
potential impact on occupant comfort and life-style in the
case of house pressurization and uncertainty regarding
the actual effect on health risk in the case of some of the
particle-removal based air cleaners. In part for those
reasons, these other techniques are less wel demon-
strated than is active soil depressurization. Many of these
other techniques offer little, if any, reduction in installa-
tion or operating cost relative to active soil depressuriza-
tion. These other techniques are most commonly used

a) by homeowners on a do-it-yourself basis. Some of
these techniques can sometimes be implemented eas-
ily without special skills, and some of them are rela-

tively inexpensive when a mitigator’s labor costs do
not have to be incorred.

b) by mitigators, either in conjunction with active soil
depressurization or in circumstances where active soil
depressurization is not applicable.

2. The available data for active soil depressurization has

increased the most significantly since the second edition

.. was published in 1988; hence, it is for this technique that

the most significant improvements in technical guidance
can-be provided,

This document inchudes sections on active soil pressurization
and on passive soil depressurization, as well as on active soil
depressurization. The pressurization and passive techniques
are included here because they each have certain similarities
to active soil depressurization, and because this technical
guidance docuent thus provides the most appropriate con-
text in which to present these techniques. However, it must be
recognized that

- Pressurization and passive techniques are far less well
demonstrated than is active soil depressurization; hence,
less rigorous technical guidance can be provided for these
other techniques, and the guidance that is presented here
is less well supported.

- Passive soil depressurization techniques will always be
less effective than active soil depressurization. The effec-
tiveness of passive soil depressurization techmiques in
existing houses is unpredictable, highly variable, and
often moderate, at best. Passive systems will likely find
their greatest application in new construction, where fea-
tures can be incorporated into the house during construc-
tion 1o help improve passive performance.

- Although active soil pressurization techniques will ccca-
sionally provide greater radon reductions than does active
soil depressurization in a given house (usually where the
undeslying native soil is highly permeable), these occa-
sions appear to be fairly infrequent.



Section 2
Principles, Applicability, and Past Performance
of Soil Depressurization Systems

2.1 Principles of Active Soil
Depressurization

The general principle of soil depressurization is to draw
radon-containing soil gas away from the house foundation
before it can enter and to exhaust this soll gas outdoors,
Where a fan is used to create the necessary suction, the
approach is referred to as active soil depressurization (ASD).
The vast majority of soil depressurization systems that have
been installed are ASD systems.

There are several common variations of the ASD process. For
the purposes of this document, these variations are defined as
follows:

- Sub-stab depressurization (SSD). One or more suction
pipes are inserted into the aggregate or soil beneath a
concrete slab (either vertically down through the slab
from the space above, or horizontally through a foun-
dation wall below slab level, from outdoors or from
inside an adjoining basement), Suction is then drawn
on these pipes using the fan, with the collected soil gas
then vented outdoors,

- Drain-tile depressurization (DTD). Some houses have
a loop of perforated drain tile immediately beside the
footing, either inside or outside the footing, for water
drainage purposes. The nature of the DTD system
depends on how the drain tiles have been designed to
direct the water away from the house:

- where the tiles drain to a sump inside a basement,
the sump is capped, and the fan draws suction on
the sump/drain tile network (referred to as “sump/
DTD™);

- where the tiles drain to an above-grade discharge at
alow spot on the lot or to a dry well, the tile loop is
tapped into at an appropriate point outdoors, and the
fan connected to depressurize the loop (referred to
as “DTD/remote discharge™).

- Block-wall depressurization (BWD). One or more indi-
vidual suction pipes are inserted into the void network
within a block foundation wall and connected to the
fan, Alternatively, in what is referred to as the “base-
board duct” approach, a series of holes is drilled into

the void network around the perimeter of a basement,
just above slab Ievel; these holes are then enclosed
within a plenum (“baseboard”) sealed to the wall and
slab around the perimeter, and the plenum is connected
to a fan.

- Sub-membrane depressurization (SMD), for crawl-space
houses having dirt floors. Plastic sheeting is placed
over some or all of the dirt floor, creating a plastic
“slab,” One or more individual suction pipes penetrate
this sheeting to draw suction under the plastic {analo-
gous to S8SD), or suction is drawn on a loop of perfo-
rated drain tiles placed under the plastic (analogous 0
DTD).

The primary mechanism by which ASD often functions is 1
create a negative pressure in the soil or aggregate immediately
under/beside the foundation, i.e.. under the concrete floor
slab, or inside the hollow-block foundation wall, or under-
neath a membrane laid over a dirt crawl-space floor. If the gas
pressure in the soil under/beside the foundation surface is
negative relative to that inside the house, then flows through
any openings through the foundation (e.g., through slab cracks
and block pores) will consist of clean house air flowing
outward through these openings, rather than soil gas flowing
inward. For the system to be effective, this soil depressuriza-
tion must be maintained at least near the major openings/entry
routes. (Good depressurization can be less cnicial; e.g., in
central, uncracked regions of slabs where there are no entry
routes for convective soil gas flow into the house.) Especially
in cases where a SSD or DTD system is found to be maintain-
ing an excellent suction field in the aggregate underneath a
slab, it is clear that flows through the slab openings have thus
been reversed everywhere.

A second mechanism by which ASD appears to function—to
a greater or lesser extent in different circumstances—is dilu-
tion of the radon-containing soil gas beneath the slab and
around the foundation. ASD systems can draw house air and

-outdoor air down into the soil around the foundation, diluting

the radon in the soil gas. Thus, even when a negative soii gas
pressure is not being maintained immediately under/beside
the foundation in some places, any soil gas entering the house
at those locations may contain less radon, and the ASD system
can sometimes still be effective if the dilution is sufficient.



Most ASD gystems probably function through a combination
of the two mechanisms above, Where the slab is fairly fight
(so that little house air is drawn into the soil} and the native
soil is fairly tight (so that little outdoor air is drawn into the
soil}, the soil depressurization mechanism is undoubtedly the
predominant component. But where the slab is leaky and the
native soil is highly permeable, so that more air is drawn into
the soil, the soil gas dilution component probably becomes
increasingly important, In cases of extremely permeable na-
tive soils, where flows of outdoor air into the system become
so high that it is difficult to maintain an adequate suction field,
the dilution mechanism may become the predominant compo-
nent. As discussed later, in such cases, it is sometimes prefer-
able to use soll pressurization techniques (which function
largely by dilution) rather than to atiempt soil depressuriza-
tion.

Perhaps a third mechanism, referred to here as “air-barrier
shielding,” might also sometimes play a role. Operation of
ASD systems is postulated to create flows of cutdoor air down
through the soil into the system. This subtle flow of ambient
air under essentially unmeasurable pressure gradients may be
creating a shield around the foundation, diverting soil gas
which would otherwise flow ioward the foundation. This
mechanism could explain why SSD systems in houses having
marginal sub-slab communication sometimes obtain good
radon reductions despite the failure of the SSD system to
establish measurable depressurizations everywhere beneath
the slab. It could also explain why SSD systems in basement
houses with block foundation walls can achieve high radon
reductions despite failure of the SSD system to create measur-
able depressurizations within the wall cavities; the walis
become a less important source because the soil gas is inter-

. cepted before it can enter the void network. Of course, this
“air-barrier shielding” could also be interpreted as nothing
more than a variation of the two mechanisms listed previ-
ously. That is, the soil is in fact being depressurized at the
remote location where the conceptual air barrier diverts the
soil gas flow, in accordance with the first mechanism; the
depressurization is just f00 small to measure. Or, the soil gas
is just being diluted by the ambient air flow, in accordance
with the second mechanism,

In practice, ASD systems are commonly designed assuming
that the first mechanism above is the sole mechanism that can
be relied upon. That is, effective depressurization of the soil
and fill material is assumed to be necessary immediately
under/heside the exterior surface of the foundation, at least in
the vicinity of openings through the foundation. In particular,
ASD variatons involving depressurization beneath a concrete
floor slab (SSD, and DTD in cases where the drain tile loop is
inside the footings) must achieve effectiveé depressurization
immediately under the slab. (There are specific cases, with
some ASD variations, where comprehensive depressuriza-
tions are difficult and often unnecessary to maintain under/
beside some foundation surfaces; these cases will be dis-
cussed later.) To maintain effective soil depressurization near
all entry routes through the foundation, the ASD system
requires a suitable combination of the following factors.

- Suction points located sufficiently close to the entry
roules.

- Adequate communication within the aggregate and soil
immediately under the slab (or under the membrane
covering the dirt floor in the crawl-space). With good
communication, the suction field generated by a suc-
tion point can extend beneath the slab to entry routes
remote from the suction point. Good communication
thus reduces the need to locate suction points close to
all of the entry routes. Where SSD or DTD are being
relied upon to treat entry routes associated with the
foundation wall, or where BWD systems are being
relied upon to treat slab-refated entry routes, communi-

. cation between the sub-slab and the void network
within the block wall, or between the sub-slab and the
soil on the outside of the footing/foundation wall, can
sometimes aiso be of concemn (in addition to the com-
munication within the sub-slab aggregate/soil).

- Fans sufficiently powerful to develop adequate suc-
tions in the system piping at the flows that are encoun-
tered. Even where communication is satisfactory, fans
developing adequate suction increase the Likelihood
that sufficient depressurization will extend through the
aggregate, soil, or wall voids, remote from the suction
points. Where communication is very poor, it becomes
all the more important that the faps achieve at least
some minimum suction (although very high-suction
fans will not necessarily provide significant additional
extension of measurable soil depressurization).

- A system design intended to minimize pressure loss in
the system, so that fan suction is effectively used in
establishing a suction field in the goil rather than in
simply moving gas through the system piping. Among
the steps that can by implemented to reduce pressure
loss in the system are a} use of system piping with a
sufficiently large cross-sectional area; b) reducing the
length of the piping runs and the number of elbows and
other flow obstructions; and ¢) excavating a hole under.
the slab under SSD pipes, to reduce pressure loss as the
soil gas accelerates to piping velocity.

- Closure of major openings in the slab or foundation
wall beneath or beside which the soil is being depres-
surized (e.g., closure of important slab openings when
sub-slab depressurization is used). If such openings are
not adequately closed, indoor air will fiow out through
these openings and will enter the suction system. The
ability of the soil suction field to extend effectively to
remote entry routes could be seriously hindered by
house air flowing into the soil/faggregate through un-
closed openings.

These factors will be repeatedly addressed in the subsequent -
discussions of the individual ASD variations.

The general principles indicated above are discussed further
below, as they pertain to each of the specific variations of the
ASD technique.



2.1.1 Active Sub-Slab Depressurization
(SSD)

In active SSD, a fan is used to draw soil gas away from the
foundation by means of individual suction pipes which are
inserted into the region under a concrete slab. The pipes are
commonly inserted vertically downward through the slab
from inside the house, as illustrated in Figure 1. When more
convenient, they can also be inserted horizontally through a
foundation wall at a level beneath the slab, as in Figure 2,
Horizontal penetration through a foundation wall is most
likely to be convenient when the slab is near grade level, and
the penetration can be made from outdoors (as shown in
Figure 2) or through the stub wall from inside an adjoining
basement.

The intent of the SSD system is to create a low-pressure
region underneath the entire slab, If a depressurization can be
maintained under the slab which is sufficiently large so as not
to be overwhelmed by depressurizations created inside the
house by weather effects and homeowner activities, this would
prevent soil gas from entering the house through cracks and
other openings in the slab. It could also reduce or prevent soil
gas entry into the void network inside holiow-block founda-
tion walls in the region around the footings, thus at least
partially preventing radon entry via the walls. Sometimes, the
depressurization can extend under the footings or through the
block walls to inhibit soil gas entry into the house through
below-grade openings in the exterior face of the foundation
wall.

Were the system to function solely by the primary mechanism
discussed earlier, i.¢., by maintaining a measurable depressur-
ization in the soil everywhere that it contacts the foundation, a
soil depressurization of about 0.015 in. WG, measured during
mild weather, would nominally be required to ensure that
subsecuent cold weather and winds would rarely depressurize
the house sufficiently to overwhelm the system. If exhaust
appliances were off during the measurement, the soil would
nominally have to be depressurized by an additional 0.01 to0
0.02 in, WG to ensure that the system would not be over-
whelmed when these appliances were turned on. However,
some experience suggests that the other mechanisms men-
tioned earhier, including soil gas dilution and perhaps air-
barrier shielding, can come into play to varying degrees,
depending upon the circumstances. These other mechanisms
could explain why good radon reductions are often achieved
by SSD systems even in cases where portions of the sub-siab
are only marginally depressurized, to an extent far less than
the rominally required 0.025 to 0.035 in. WG. They could
also explain why SSD systems appear to prevent radon entry
through wall-related entry routes in many (but definitely not
all) cases, even when no depressurization (or only minimal
depressurization) can be measured inside the wall voids.

The central issues with SSD systems are the number of
suction pipes needed, where they must be placed, and the
suction that the fan must maintain in the pipes, in order to
establish an adequate sub-slab depressurization near ail (or at
least the major) soil gas entry routes. The resolution of these
issues is determined largely by the communication beneath
the slab, i.e., by the ease with which suction at one point can

extend to other parts of the slab and to the surrounding soil.
Where a good and uniform layer of aggregate (gravel or
crushed rock) was placed under the siab during construction,
communication immediately underneath the slab will gener-
ally be very good. In such cases, one (or perhaps two) suction
pipes will generally be sufficient, and can be located with
some flexibility, even if the communication within the native
soil, underlying the aggregate, is poor, Where there is good
aggregate, the system can be pictured as using the aggregate
layer as a large collector or plenum, into which the soil gas in
the vicinity of the house is drawn and then exhausted out-
doors. Where there is not a good layer of aggregate, or where
the layer is uneven or interrupted o a significant degree, more
suction pipes will commonly be needed, and their location
near to the major entry routes (such as the wall/ffloor joint)
will be increasingly important, depending upon the communi-
cation within the underlying soil.

Although poor communication within the underlying soil will
not impact the ability of SSD to depressurize slab-related
entry roules when sub-slab aggregate is present, it would
hinder the suction field from extending through the soil under
the footings. Thus, it could impact the ability of SSD
depressurize entry routes associated with the outer face of the
foundation walls. It would also reduce the flow of outdoor air
down through the soil, thus reducing the possible roles of soil-
gas dilution and air-barrier shielding as mechanisms in deter-
mining SSD performance.

Where drain tiles are located inside the footings under the
slab, the drain-tile depressurization approaches described in
Sections 2.1.2 and 2.1.3 are essentially a variation of SSD.
However, in this document, the term “sub-siab depressuriza-
tion” is used only to refer to cases where individual pipes are
inserted into the sub-slab region in the manner depicted in
Figures 1 and 2, or in closely-related adaptations of that
approach.

SSD has been one of the most widely applied and effective
approaches used by the radon mitigation industry, especiaily
in treating high-radon houses. SSD should be one of the first
techniques considered in any house, especially where there is
no sumyp and where sump/ DTD is thus not an option.

2.1.2 Active Sump/Drain-Tile
Depressurization (Sump/DTD)

Drain tiles surround part or all of some houses in the vicinity
of the footings to collect water and drain it away from the
foundation. The drain tiles may be perforated rigid plastic
(usually ABS or PVC), perforated flexible plastic (high-den-
sity polyethylene or polypropylene), or porous clay, Drain
tiles will generally be Iocated right beside, or just above, the
perimeter footings. They can be either on the side of the
footings away from the house (in which case they are referred
to here as “exterior” drain tiles), or on the side toward the
house (referred to as “interior” drain tiles). In houses with
slabs, interior drain tiles would be under the slab, embedded
in any sub-slab aggregate. Sometimes (although not com-
monly) interior drain tiles are not located beside the footings
but extend underneath the slab in some different pattern.
Exterior drain tiles are usually buried in a bed of aggregate
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Figure 1. Sub-slab depressurization (SSD) using pipes inserted down through the slab from indoors.

8



To .
Fan

90° Elbow

T-Fitting

Suction Pipes
Through Wall

One possible configuration for a multi-pipe system

Notes:

1. The exterior downspout
exhaust stack illustrated
here is one of several
possible stack
configurations, as
discussed later,

2. Sealing pipe penetration
through wall is
important to reduce
leakage of outdoor air
and air from block
cavities into 88D system,

Exhaust {Released
Above Eave)

3"X4" Rectangula1r
Metal Downspout

4" Round-to-3"X4"

Rectang‘ular

Adapter
Flexible
Coupling

45° Fittings (4" Dia.
Round PVC} to Offset
:Stack against House

Stud
Wallboard

Exhaust Fan {Rated for
Exterior Use or Enclosed} —1

Outdoor

Grade Level Air

Sill Plate

House Air Leakage
Through WalifFloor Joint

<

,_

o
o
»

8uction Pipe

Header Connecti ng to Other Suctson E
Points If Any (See Inset Above) ‘

Horzzon:al Plpe SIoped s
Down Toward Pit for
Condensate Drainage . -

Figure 2.

beside the footings; this exterior aggregate bed is sometimes
(but not always) covered with a material such as geotechnical
cloth or roofing felt, intended to reduce piuggage of the gravel
bed with dirt.

Both interior and exterior drain tiles can discharge collected
water by either one of three methods. If the lot is sufficiently
‘sloped, the water can be routed to an above-grade discharge at
a low point on the lot, remote from the house. As an alterna-
tive, the water can be directed to a dry well away from the
house. Or, in basement houses when the lot is not sufficiently
sloped, the water is drained to a sump inside the basement,
from which the water is pumped to an above-grade discharge.
This section addresses the case where the tiles drain to a
sump.

“— Suction Pit

=T><" Sealant’”

Sub-slab depressurization (SSD) using pipes inserted horizontally through the foundation wall from outdoors.

A typical sump/DTD system is illustrated in Figure 3. An air-
tight cover is sealed over the sump pit. Suction is then drawn
on the drain tile network by connecting a suction pipe to the
sump/drain tile system., While the suction pipe can be instalied
through the sump cover, it can be advisable instead to connect
the suction pipe to the tiles at a location remote from the.
sump, as Hlustrated in the figure. Installation of the suction
pipe remote from the sump will facilitate subsequent mainte-
nance of the sump pump, and will reduce the suction loss that
will result if air leaks develop around the sump cover (e.g., as
a result of improper re-installation of the cover after subse-
(uent Sump pump maintenance).

The drain tiles shown in Figure 3 are interior tiles, although
exterior tiles can also drain to a sump. Where the drain tiles
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are exterior tiles, and where the suction pipe taps into these
exterior tiles remote from the sump, the piping will connect to
the tiles outside the house and will look more like that shown
in Figore 4 for DTD/remote discharge systems. (Of course,
when exterior tiles drain 10 a sump, the remoie discharge line
in Figure 4 will be absent, and the suction pipe will thus be
connecting to the drain tile loop immediately beside the
footings rather than to the discharge line.)

Where the tiles are interior tiles, the principles involved with
this DTD system are basically the same as those for the SSD
variation described in the previous section. However, DTD on
interior tiles offers two key advantages. First, the tiles provide
a network that helps distribute the suction under the slab and
are located in a zone which will necessarily always have been
excavated and backfilled during construction (and hence will
generally have some communication, even under houses where
little or no aggregate has been placed). Second, the tiles are
located right beside two of the major soil gas entry routes: the
joint between the perimeter foundation wall and the concrete
slab inside the house; and the perimeter footing region where
soil gas can enter the void network inside block foundation
walls. Thus, interior drain tiles provide a convenient, in-place
network that enables suction to be easily and effectively
drawn over a wide area, particolarly where it is usuaily needed
the most. These features are particularly important in cases
where sub-slab communication is marginal or poor; they are
less kmportant in cases where there is a good layer of sub-slab
aggregate.

Because sump/DTD with interior tiles generally ensures ef-
fective suction immediately beside the footings, this approach
may be more likely than SSD to treat the block walls at points
around the perimeter where the tiles are present.

Where the tiles draining into the sump are exterior tiles, the
sump/DTD system will still be expected to divert soil gas
away from the void network in block foundation walls, How-
ever, because the suction on exterior tiles is being applied
outside the footings, any suction field created beneath the slab
will depend upon extension of the exterior suction through the
bottom course of biocks or beneath the footings, into the sub-
slab region. This extension, in mm, will depend upon the
permeability of the underlying native soil. Limited suction
field data from sump/DTD systems with exterior tile loops
suggest that, as expected, the sub-slab depressurizations cre-
ated by such systems can be lower than those by systems
having interior loops. Suction on an exterior loop does appear
to treat the wall/floor joint inside the footings, at locations
where tile is present, but the reduced sub-siab depressuriza-
tions might result in lesser treatment of slab-related entry
routes toward the central portion of the skab.

The chances of achieving effective treatiment with sump suc-
tion (with either interior or exterior tiles) are greatest when the
tites form a nearly complete loop around the perimeter (i.e.,
around at least three sides of the house). However, good
performance can sométimes be achieved even when there is
only a partial loop, on one or two sides. This is especially rue
when there is an interior loop and aggregate under the slab.
With exterior tiles, good performance with partial loops ap-
pears to depend on good permeability in the native soil.

Because of the typical effectiveness of sump/DTD, this ap-
proach should be among the first considered in any basement
house having a sump with drain tiles. Sump/DTD will com-
monly be the preferred approach when the sump connects to
an interior loop of tiles, whether or not there is a layer of sub-
slab aggregate. However, when there is aggregate, SSD is a
competitive option, and SSD might still be selected instead of
sump/DTD under some conditions {e.g., if there is a high
degree of floor/wall finish at the location where the suction
pipe would have to be inserted into the drain tiles), Where the
drain tiles form an exterior loop, SSD in the basement may
sometimes be preferred over sump/DTD, especially if there is
sub-slab aggregate, since SSD will apply the suction beneath
the slab rather than outside the footings. However, sump/DTD
can still be a good choice if there is a reasonably complete
exterior loop of tiles (i.e., on at least three sides of the house),
especially if the owner wants to keep all of the system piping
outside the house (tapping the suction pipe into the tiles
outdoors, remote from the sump). If there are only exterior
tiles, and if these tiles do not form a reasonably complete loop,
suction on the tiles will not be delivered directly to some
portion of the perimeter; this will be of greatest concern when
the native soil has low permeability. In such cases, SSD might
wartant greater consideration as the initial approach.

2.1.3 Active Drain-Tile Depressutization
(Above-Grade/Dry-Well Discharge)

Where the tiles drain to an above-grade discharge or to a dry
well, a different basic DTD design is required, as illustrated in
Figure 4. A check valve is installed in the discharge line, to
prevent outdoor air from being drawn into the system via the
discharge line. Suction is then drawn on the drain tile net-
work, as illustrated. The suction pipe will often be connected
to the drain tile loop immediately beside the footings; it can
also connect to the discharge line, as shown in Figure 4. The
drain tiles shown in the figure are exterior tiles, which will
commonly be the case when there is remote discharge, al-
though interior tiles can also drain remote from the house.

The principles involved with DTD/retnote discharge are the
same as those described in the preceding section for sump/
DTD.

Because DTD/remote discharge can be effective, and because
the system will be entirely outside the house (making it
potentially less obtrusive and less expensive than other ASD
options), this approach should be among those considered in
any case where remotely-discharging drain tiles exist. As in
the sump/DTD case, DTD/remote discharge will most ofien
be the preferred approach when there is an interior loop of
tiles, especially when there is not a good layer of sub-slab -
aggregate; a good aggregate layer would make SSD more
competitive. DTD/remote discharge will also often be se-
lected when there is a reasonably complete exterior loop (i.e.,
around at least three sides of the house). When the drain tile
loop is exterior to the footings, there is an increased chance
that SSD may tum out to be the technique of choice, rather
than DTD/remote discharge, because SSD will apply the
suction directly under the slab.
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MNotes:
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installed in the drain tile discharge
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pipe to 4" flexible corrugated
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connection to 3" and 4” fiexible
tile, or to rigid plastic or clay
tile, are presented in text.
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2.1.4 Active Block-Wall Depressurization
(BWD)

‘When the foundation wall is constructed of hollow concrete or
cinder blocks, the interconnected network of block cavities
within the wall can serve as a conduit for soil gas. Soil gas
which enters the wall through mortar joint cracks, pores, and
other openings in the exterior face of the blocks below grade
can move either vertically or laterally throughout the wall
inside this void network. Where the house has a basement,
with the interior face of the blocks inside the basement, the
soil gas can then be drawn into the house through any open-
ings in the interior face, such as holes around utility penetra-
tions, mortar joint cracks, and the pores in the block itself.
Even more importantly, if the cavities in the top course of
block open to the basement, the walls will act as a chimney,
with soil gas flowing up through the void network and into the
basement through these uncapped top voids. Even in slab-on-
grade or crawl-space houses with hollow-block foundations, it
is sometimes possible (if the top cavities are not closed) for
soil gas in the block voids to flow up into the wooden framing
resting on top of the wall, and hence into the house, even
though the foundation wall itself does not extend up into the
living area.

The principle of BWD is to draw the soil gas out of this void
network using & fan drawing suction on the voids. The fan
would presumably increase the flow of soil gas into the voids,
but would draw the soil gas into the system piping and exhaust
it outdoors rather than permitting it to enter the basement.
Where the block walls are the primary entry route, and where
the BWD system is able to adequately depressurize the void
network, this approach would most directly treat that entry
route. The depressurization created within the voids by a
BWD system will sometimes extend under the siab, depend-
ing upon the communication between the veids and the sub-
slab, and upon the communication within the sub-slab fill,
Thus, the wall/floor joint, and perhaps some slab-related entry
routes more remoie from the walls, will sometimes also be
treated by a BWI system,

Figure 5 illustrates one method for implementing BWD, This
approach, referred to as the “individual pipe” approach, in-
volves insertion of one or two suction pipes into the void
network in each wall to be treated; these pipes are then
connected to one or more fans, A second approach for imple-
menting BWD, referred to as the “baseboard duct” approach,
has been used occasionally. In this approach, a series of holes
is drilled into the void network around the perimeter of a
basement, just above slab level; these holes are then enciosed
within a plenum (“baseboard”) sealed to the wall and skab
around the perimeter, and the plenum is connected to a fan.
For clarity, Figure 5 shows BWD being used as a stand-alone
technique; however, more commonly where BWD is used, the
primary mitigation system will be a SSD system, with depres-
surization of one or more selected walls implemented as a
component of that SSD system. '

A key problem with BWD is that the numerous and often-
concealed wall openings (especially open top wall voids, and
block pores) are very difficult to close adequately. Thus,
despite efforts to close these openings, large amounts of house

air (and possibly outdoor air) will leak into the BWD system
through these openings. Therefore, it has often proven to be
difficult or impractical to maintain sufficient depressurization
throughout the entire wall. Thus, the wall-related entry routes
have sometimes not been adequately treated (along with cen-
trally located slab-related routes), with the result that radon
reductions have not been consistent either within a given
house over time, or between houses, when BWD isused as a
stand-alone method. As an added concern, substantial house
air leakage into 2 BWD system has sometimes depressurized
the basement sufficiently to cause backdrafting of fireplaces
and other combustion appliances (as well as increasing the
heating/cooling penalty of the system). Where backdrafting
oceurs, an outdoor supply of combustion air must be pro-
vided, or else the BWD system might be operated in pressure
instead of suction. Basement depressurization resulting from
BWD systems can also increase soil gas influx through wall-
and slab-related entry routes not adequately depressurized by
the system, thus reducing net radon reduction performance,
and sometimes even increasing basement concentrations (e.g.,
House 19 in Reference Sc89).

In view of these concerns, BWD is locked upon as a technigue
which would be used largely as an occasional supplement to
SSD systems, rather than as a method that would commonly
be used by itself. The role of BWD as a supplement to SSD
can be very important in some cases. Even where a SSD
system has very effectively depressurized the entire sub-slab
region, occasional cases have been encountered where this
sub-slab depressurization did not adequately prevent soil gas
from entering the void network, requiring simuitaneous treat-
ment of the walls using BWD (e.g., Houses 3 and 16 in
Reference Fi91).

2.1.5 Active Sub-Membrane
Depressurization (SMD) in Crawl Spaces

In houses having a crawl space with a dirt floor (including dirt
floors covered with gravel and/or with a plastic vapor barrier),
a variation of SSD or DTD can be implemented if a “slab” (in
the form of a plastic membrane) is placed over the dirt floor.
Suction can be drawn underneath this plastic “slab,” either
using individual suction pipes penetrating the membrane
(analogous to SSD), or through suction on a length or a loop
of perforated drain tile placed beneath the plastic (analogous
to DTD). Examples of both SMD approaches are illustrated in
Figures 6 and 7.

SMD has been demonstrated to be the most effective radon
reduction method for crawl-space houses. It should be one of
the first methods considered in any crawi-space house where
the crawl space is accessible for system installation and where
the required radon reductions are sufficiently great (greater
than about 50%) such that natural ventilation of the crawl
space will not be adequate, Use of an exhaust fan to depres-
surize the entire crawl space, preventing radon-containing
crawl-space air from flowing up into the living area, has also
been found to be effective, as well as less expensive than
SMD to install. However, crawl-space depressurization is
usually less effective than SMD, and has a much higher
heating penalty, since much of the air exhausied by the
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Figure 5.

Block-wall depressurization {(BWD) using the individual-pipe approach.
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Exhaust Option 2 Notes:
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Figure 6. Sub-membrane depressurization (SMD) for the case where individual suction pipes penetrate the membrane {SSD analogue).
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Notes:

The perforated piping is depicted here as a straight
length down the center of the crawl space.
Alternative configurations are discussed in the text.

Exhaust Option 2 1.
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depressurization fan will be treated house air drawn down
from the living area.

The principles involved in SMD are similar to those for SSD
and DTD.

- If adequate suction can be maintained beneath the
plastic, soil gas entry into the crawl space should be
reduced or eliminated. By this sub-membrane depres-
surization mechanism, gas flows through seams or
punctures in the membrane should be crawl-space air
being drawn down into the sub-membrane region, rather
than soil gas flowing up into the crawl space, from
which it might enter the living area.

- The other mechanisms discussed earlier for ASD sys-
tems may also come into play: dilution of the soil gas
radon levels under the membrane, resulting from the
increased flows of air into the sub-membrane region
{from the crawl space, the block walls, and outdoors);
and air-barrier shielding.

- In crawl spaces having block foundation walls, the
SMD system might help prevent soil gas entry through
the block cavities into the crawl space and into the
living area overhead, analogous to SSD and DTD.
However, there are not sufficient data in houses where
block crawl-space walls are a major living-area entry
route to assess how consistently or reliably SMD will
thus treat the walls.

In addition, there may be an element of crawl-space depres-
surization contributing to the performance of SMD systems.
Significant leakage of crawl-space air into the SMD system
through membrane openings can cause such depressurization
of the entire craw] space relative to the living area, reducing or
completely reversing the normal flow of crawl-space air up
into the living area. This can be an effective mitigation
method in its own right (He92).

Where the craw] space has a floor of bare earth, which is often
the case-~i.e., where there is not a layer of gravel on the floor
beneath the membrane—-suction beneath a SMD membrane is
analogous to SSD with no aggregate under the slab. Thus, just
as with SSD in houses having poor sub-slab communication,
the sub-membrane depressurizations maintained in SMD sys-
tems are generally fairly low, and measurable suction field
extension beneath the membrane is limited. These lower
depressurizations may mean that SMD systems will be less
likely; e.g., to treat wall-related entry routes, in cases where
that might be necessary. However, SMD systems have gener-
ally proven to be very effective in crawl-space houses, despite
reduced sub-membrane suctions.

Where the crawl space is large, where significant reductions
in indoor radon. concentrations are desired (e.g.. to 2 pCi/L. or
less), and/or where the soil comprising the crawl-space floor
has very low permeability (with no gravel on the floor), it has
sometimes been found necessary to take steps to help the sub-
membrane suction field extend adequately around the crawl
space. The most common steps are installing additional suc-
tion pipes through the membrane (analogous to installing

multiple suction pipes in a SSD system), or connecting the
suction system: to perforated piping under the membrane (as in
Figure 7).

A key remaining issue in the design of SMD systems is how
much effort should be made to reduce crawl-space air leakage
into the system by sealing the membrane against perimeter
foundation walls and interior piers, and at seams between
sheets of plastic. Some results suggest that such comprehen-
sive sealing of the membrane may not always be necessary in
order to achieve good radon reductions in the living area. This
result is probably a commentary on the limited sub-membrane
depressurizations needed to adequately reduce soil gas flow
into the crawl space in some cases. It may also be a commen-
tary on the relative benefits of the mechanisms other than sub-
membrane depressarization discussed above, especially sub-
membrane soil gas dilution and crawl-space depressurization.

Comprehensive sealing of the membrane is often conducted
routinely by mitigators. Mitigators report that complete seal-
ing is needed in order to ensure the best radon reduction
performance. Complete sealing alse will help avoid possible
backdrafting of combustion appliances in the crawl space as a
result of the crawl-space depressurization that can occur if the
SMD fan draws too much crawl-space air out through the
unsealed seams. Furthermore, complete sealing will reduce
the amount of treated air drawn out of the living area and
exhawpsted by the SMD system, thus reducing the heating/
cooling penalty. Until further research confirms the condi-
tions under which incomplete membrane sealing is accept-
able, it is advisable to seal the membrane everywhere.

This issue extends to the question of whether the entire crawl-
space floor even has to be covered by the membrane. This
guestion is important because portions of crawl spaces are
often inaccessible or are occupied by, for example, the fur-
nace and water heater. Good radon reductions have some-
times been achieved even in cases where the dirt floor was not
entirely covered, This result could be suggesting that a) some
sections of the dirt floor are less significant sources of radon
than others; b) suction on a portion of the soil can extend
sufficiently to intercept the soil gas before it reaches the
uncovered sections of floor; and/or ¢) depressurization of the
entire crawl space is contributing to the observed reductions,
through a different mechanism than soil depressurization,
Until this question is better understood, it is advisable to
ensure that the entire crawi-space floor is covered by the
membrane, if at all possible.

In isolated cases, relatively good radon reductions have been
achieved with “sub-membrane depressurization” without the
membrane, i.e., by drawing suction on pipes embedded in the
bare soil in the crawl space. Referred to here as “site ventila-
tion,” this approach is analogous to the “radon wells” in
Sweden, and would appear to require certain geological char-
acteristics in order to be successful. The soil would have 10 be
relatively permeable laterally, and less permeable vertically
toward grade, so that the suction field would extend through
the soil over the area of the crawl space, but wouid not be
dissipated by extensive leakage of crawl-space air down from
above. A strata of porous, gravelly soil, capped with a layer of
clay soil, would be an ideal example of a geology conducive
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to this approach. Site ventilation canmot be expected to be
sufficient by itself in most locations, However, the fact that
SMD can sometimes be effective even when the membrane
does not cover the entire fioor could be indicating that a site
ventilation component may exist in some SMD installations.

2.2 Applicability of Active Soil
Depressurization

Where properly designed and operated, ASD systems (espe-
cially $SD, DTD, and SMD) have consistently demonstrated
high, reliable radon reductions in a wide range of houses.
Radon reductions greater than 90% are common when pre-
mitigation levels are significantly elevated. Performance has
been demonstrated in thousands of commercial installations
{and numerous experimental installations) over the past 8
years, in houses having the full range of substructure types.
Installation costs of ASD systems are typically moderate.
Exact costs can vary from house to house: a range of $800-
32,500 appears generally representative for most commer-
cially installed ASD systems (He91b, He91c, Ho%1, EPAS2c),
with an average cost of $1.135 for SSD and DTD obtained
from an EPA survey of private-sector mitigation (Ho9t).
Other radon reduction approaches have one or more of the
following disadvantages, relative to ASD:

a} Some other approaches are more expensive to install than
ASD. Air-to-air heat exchangers for house ventilation
have an average installation cost of $1,606 according to
Reference Ho91. Entry route sealing as a stand-alone
method can sometimes be more expensive than ASD,
depending upon the extent of the sealing and the amount
of floor/wall finish that must be removed and re-instalied
to permit the sealing.

b) Most other approaches are less effective than ASD, Air-
to-air heat exchangers provide reductions no greater than
25-75%; entry route sealing as a stand-alone method
provides 0-50%; natural crawl-space ventilation provides
0-50%.

¢) Other approaches are generally less well demonstrated.
House pressurization has been successfully tested in only
a limited number of houses; most of the other alternatives
10 ASD listed in a) and b) are also less well demonstrated
than ASD. :

In view of their demonstrated high radon reductions in a wide
variety of houses, and in view of their moderate cost, ASD
systems should be one of the first approaches considered in
essentially any house. These systems are applicable in treating
houses having very high pre-mitigation radon concentrations
(e.g., above 100 pCi/L). ASD will generally be required in
order to reliably achieve 4 pCi/L and less in any house where
"the pre-mitigation level is above about 8 to 16 pCi/L. (Only
house pressurization and crawl-space depressurization appear
to offer potential for achieving reductions as great as ASD,
and these other techniques are much less well demonstrated,
are not as widely applicable, and can offer other complica-
tions.) And ASD can also be cost-effective in treating houses
having only slightly elevated pre-mitigation levels (e.g., 4 to
10 pCi/L), potentially providing greater and more reliable

reductions at less long-term capital and operating cost than the
other alternatives for achieving moderate reductions, namely,
house ventilation and entry rouse sealing.

Techniques other than ASD would be considered most seri-
ously in unusually difficult houses having combinations of the
following complications:

a} very poor sub-slab communication, requiring a large
_ number of suction pipes;

b) fieldstone foundation walls which are an important entry
route, since such walls can be difficult to treat and are not
amenable to BWD;

) avery high degree of floor/wallfceiling finish on the story
in contact with the soil, thus complicating the placement
and routing of suction pipes;

d) homeowner resistance to aspects of the ASD system, e.g.,
appearance, need to maintain a fan, etc,

Generally, any one of the above complications, by itself,
could be overcome by suitable design. However, especially
when there are muitiple problems, the effort required to
overcome them could make the ASD system more expensive
{or would create a greater aesthetic impact) than would an
alternative mitigation approach, such as house pressurization
or house ventilation. Of course, the applicability of one of
these other approaches would itself depend upon other charac-
teristics of the house, such as the pre-mitigation radon level
and the namiral ventilation rate of the house (which would
determine the effectiveness of house ventilation), and the
tightness of the basement (which would impact basement
pressurization). Mitigation experience to date suggests that
only a few percent of the houses in this country are likely to be
truly inappropriate for ASD (Bro90, Mes90b, ShS0, St90,
We90).

Where ASD is being considered for a specific house, the
applicable variation of the technology is usually selected as
folows:

a) In basement houses having sumps with drain tiles, sump/
DTD will be one of the first ASD options considered.
Sump/DTD will most likely be successful when the drain
tiles form a loop inside the footings, or when there is
good aggregate beneath the slab regardless of the drain
tile configuration. Sump/DTD will least likely be suc-
cessful when the drain tiles are outside the foolings and
form only a partial loop (i.e., a loop around fewer that
three sides of the house).

b} In basement houses having drain tiles draining to a re-
mote above-grade discharge or dry well, DTD/fremote
discharge will be one of the first options considered, with
the same considerations listed in a) above for the sump/
DTD case. It should be anticipated that a supplemental
SSD system could turn out to be required, in addition to
the DTD system if installed, if the drain tiles form an
exterior foop around fewer than three sides of the house.
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¢) In any basement or slab-on-grade house, SSD will gener-
ally always be one of the first ASD variations considered.
‘Where the house has drain tiles, SSD can be considered
as an altemative or supplement o sump/DTD or DTD/
remote discharge. The exact design of the SSD system
will have 10 be developed reflecting the degree of sub-
stab communication, degree of interior finish, etc.

d) BWD would generally never be installed initially as a
stand-alone mitigation method unless prior experience
with similar houses in the locality indicated that the block
walls were the predominant source and were sufficiently
leak-tight (e.g., top voids capped), such that BWD of-
fered clear potential for being the most cost-effective
approach in that house. Likewise, unless experience with
other similar houses in the locality suggested otherwise, it
would generally not be efficient to install a BWD compo-
nent on a SSD system, until initial operation of the SSD
system confirmed that it was not effectively treating the
wall-related entry routes and that a BWD component is
indeed required.

e) SMD would be the ASD technique used in any crawl-
space house, or in the crawl-space wing of a combined-
substructure house if that wing is found to need treat-
ment,

The subsections below list in further detail the specific house
features which determine when each of the individual ASD
variations is likely to be most applicabie.

2.2.1 Active Sub-Slab Depressurization

SS3D will be most applicable under the following conditions,

+ In any house having a concrete floor slab (basements,
slabs on grade, and paved crawl spaces).

+ In houses having good communication immediately be-
neath the slab, although houses having poor communica-
tion can also be treated. Good communication is most
commonly associated with a good layer of aggregate
(gravel or crushed rock) under the slab. Poor communica-
tion can result from a) lack of, or uneven distribution of,
aggregate (combined with a relatively impermeable na-
tive soil underlying the slab); or from b) sub-slab obstruc-
tions (such as forced-air supply ducts and interior foot-
ings or grade beams) which interrupt the aggregate.

With good communication, design of a 88D system is
simplified, with only one or two suction pipes commonly
needed, and with flexibility in choosing where the pipes
are located. Poor communication does not render $SD

inapplicable: however, it does require more care in select-

ing the number and location of suction pipes, and perhaps
also in other design aspects (such as a higher-suction
fan). Mitigation performance might stili be reduced de-
spite this increased care. Very poor communication (re-
quiring a large number of carefully located suction pipes)
combined with extensive interior finish (complicating the
siting and installation of pipes indoors) could warrant
more serious consideration of mitigation techniques other
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than SSD, or of installation of the SSD pipes from
outdoors. Some obstructions that cause poor communica-
tion, such as sub-slab forced-air supply ducts, will some-
times not significantly increase the number of suction
pipes required, if there is a layer of aggregate (Fi%0,
He%1a). In such cases, the system may be functioning
more by soil gas dilution or by air-barrier shielding (as
discussed in Section 2.1), rather than by creating an
unambiguous depressurization beneath the stab,

In houses which a) do not have drain tiles (so that DTD is

not-an option); or b) which have only a partial loop of
tiles outside the footings (so that DTD is likely to leave
some portion of the perimeter foundation untreated).
However, if sub-slab communication is good, SSD can
sometimes still be the best selection even in a house
having drain tiles, in cases where the system pipe routing
is simplified by avoiding the need to tap into the drain
tiles; the extent or condition of the drain tiles is question-
able; or rain gutter downspouts, window well drains, or
other such drains empty into the drain tiles, making the
tiles difficult to seal and depressurize.

In houses having any pre-mitigation radon concentration
(high, moderate, or only slightly elevated).

SSD is capable of achieving the very high radon reduc-
tions required in houses having extremely high pre-miti-
gation concentrations (e.g., above 100 pCi/L). It (along
with DTD, where drain tiles exist) is the most reliable
approach available for providing the necessary reductions
in any basement or slab-on-grade house requiring more
than about 50-75% radon reduction (i.e., any house hav-
ing pre-mitigation concentrations greater than 8 to 16
pCi/L). The one other approach which appears capable of
achieving reductions greater than 50-75%, in addition to
ASD, is house pressurization. This technique has been far
less well demonstrated than ASD, and is applicable pri-
marily when the basement can be reasonably well iso-
lated from the lving area to permit pressurization of the
basement. (The presence of forced-air furnace ducting
between the basement and the living area could seriously
complicate efforts to isolate the two levels.)

Even when pre-mitigation concentrations are less than 8
to 16 pCi/L, and other less effective techniques can be
considered (such as house ventilation and entry route
sealing), SSD is still a viable candidate approach, It can
be less expensive than some of these other approaches
(e.g., air-to-air heat exchangers and extensive sealing
efforts), and will commonly provide much greater radon
reductions. For example, a house having a pre-mitigation
level of 6 pCi/L. might be expected to be reduced to 3 pCi/
L by a house ventilation approach that doubled the venti-
lation rate, but could realistically be expected to be
reduced to 1 to 2 pCi/L with SSD, This is important if an
objective is to achieve near-ambient levels indoors.

In houses with hollow-block foundation walls as well as
poured concrete foundation walis. SSD can also be appli-
cable in houses having fieldstone walls, although there is
an increased chance that some other mitigation technique



will be needed to supplement or replace SSD. While
hollow-block walls increase the significance of wall-
related entry routes, and thus increase the chance that
some additional wall-related treatment might be needed,
adequate reductions can commonly be achieved with
SSD alone in houses having such walls. If there is reason-
ably good sub-slab communication, and/or if the SSD
suction pipes are located sufficiently close to the walls,
SSD often (but not always) appears to adequately reduce
or prevent soil gas entry through wall-related routes. In
the case of block walls, the system is probably intercept-
ing the soil gas in the vicinity of the footings, reducing or
preventing its entry into the void network through mortar
joint cracks and other openings near the base of the wall,
Depending upon the permeability of the native soil, the
suction field may aiso extend under the footings, possibly
treating entry routes on the exterior face of block or
fieldstone walls.

Depending upon the nature and significance of the wall-
related entry routes, and the ability of SSD to intercept
soil gas before it reaches the exterior face of the wall,
there are definitely cases SSD does not adequately reduce
or prevent entry through wall-related routes. In those
cases, SSD will have to be supplemented by some addi-
tional wall ireatment (e.g., BWD treating selected block
walis).

In houses having fieldstone foundation walls, SSD can
still be a reasonable choice (or a reasonable component of
a combined mitigation system) if the slab is an important
entry route. However, if sub-slab communication is poor
and if the fieldstone wall is a major entry route, SSD may
not be able to develop an adequate suction field or air-
flow in the soil to intercept the soil gas entering through
the wall. In such cases, a technique other than SSD may
be needed—basement pressurization, house ventilation,
or sealing or isolation/ventilation of the fieldstone wall.

» In houses where at least a portion of the slab is not
finished, so that suction pipes can be installed through the
slab where required in an aesthetically acceptable manner
without disturbing the existing wall, floor and ceiling
finish. However, even where the slab is entirely finished,
pipes can usually be a) installed in an inconspicuous
location (e.g., in closets); or b} concealed behind new
finish (e.g., boxed in behind new wall-board); or c)
inserted under the slab from outside the living area, as in
Figure 2. Some of these steps in finished houses will
increase costs, but will often not be so severe as to render
SSD inapplicable in practice. Almost all houses have at
least some portion of the slab unfinished (e.g., a utility
room); where sub-slab communication is good, that lim-
ited unfinished space can be sufficient, wherever it hap-
pens to be Iocated on the slab.

In summary, SSD can be one of the first options considered in
any house having a slab. It can be considered regardiess of the
sub-slab communication, the pre-mitigation radon concentra-
tion, the nature of the foundation wall, or the degree of interior
finish. In general, only very poor sub-slab communication,
combined with heavy interior finish which limits suction pipe

placement (or combined with fieldstone foundation walls),
will render $SD impractical on the basis of technical and/or
cost considerations. In houses having stabs and no drain tiles
(so that DTD is not an option), and having pre-mitigation
levels above 8-16 pCi/L., the only other options available
besides SSD for achieving post-mitigation levels of 4 pCi/L
and less are a) BWD; b) basement/house pressurization; or ¢)
measures involving modifications to the house, e.g., removal
of the existing slab and pouring a new slab over a good bed of
clean, coarse aggregate. These other options will not always
be applicable or practical, either.

222 Active Sump/Drain-Tile
Depressurization

Sump/DTD will be most applicable under the following con-
ditions.

» In any (basement or “slab-below-grade™) house having a
sump pit with drain tiles entering the sump. Sump/DTD
should always be one of the first mitigation approaches
considered when a sump with tiles is present. It shouid be
noted that sometimes a sump pit will exist but will not
have tiles draining into it; suction on such a sump pit
would not be DTD, but rather, would be SSD, with the
tile-less sump simply serving as a ready-made hole through
the slab.

» In houses where the tiles that drain into the sump form a
loop beside the footings that is nearly complete (i.e., on at
least three sides of the house). This is especially true if
either a) the tiles are outside the footings, and sub-slab
communication is good to marginal; or b) they are inside
the footings, and the communication beneath the slab is
marginal to poor. A nearly complete loop is not important
if the tiles are under the slab and if there is good commu-
nication immediately beneath the slab. (An incomplete
loop would also exist in the case where a portion of a
complete loop is damaged or blocked with silt,) Sump/
DTD can also be tried as the initial approach even when
the lIoop is not nearly complete and communication is
marginal, but there would be an increased chance that this
initial installation might subsequently have to be supple-
mented with a S8SD system,

Where the tile loop is outside the footings, the system will
be depending upon extension of the suction field through
the native soil beneath the footings, through the block
foundation wall, or through below-grade utility channels
penetrating the foundation, to treat the sub-slab region,
Likewise, the system will be depending upon extension
of the field through the native soil to treat sections of the
footing where the tile does not exist. Probably for these -
reasons, the best results with exterior tiles have been
observed (with good to marginal sub-slab communica-
tion) when the tiles exist on at least three sides of the
house (Fi91, K192). Similar concerns exist when the tileg
are inside the footings, but sub-slab communication is
marginal to poor. There have been cases where moderate
to high radon reductions (40 to 90+ %) have been achieved
with exterior loops on less than three sides (Mi87, Scg8,
Heg9, K192); the higher reductions with partial exterior
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loops likely have been obtained in cases where the native
soil had relatively good permeability,

Where the tiles are inside the footings, and where com-
munication is good, the extent of the tiles is far less
significant. Just as a SSD system can perform very well
with only one SSD suction pipe when communication is
very good, Hkewise a sump/DTD system can perform
well with a limited segment of drain tile when communi-
cation is good.

In houses without potential major soil gas entry routes
remote from the perimeter walls, in cases with exterior
drain tiles. Such remote entry routes could include, for
example, interior load-bearing walls {especially hollow-
biock walis) or fireplace structures which penetrate the
stab and rest on footings underneath the slab; and interior
expansion joints in the slab. While the suction applied to
an exterior loop of tiles has been shown to exiend under
the slab (Fi%1, K192}, this extension may be weaker than
that with 858D or with interior tiles. The perimeter foun-
dation walls and wall/floor joint are recetving the stron-
gest {reatment; these perimeter entry routes are com-
monly the major ones (especially with block walls), so
that effective treatment of these routes is often sufficient
where there are not major interior entry routes. Where
there are interior routes remote from the perimeter, these
routes will provide the system with an increased chal-
Ienge, Available data suggest that, if the exterior loop is
complete and if the fan performance is sufficient, DTD
on exterior loops can produce significant reductions in
indoor radon in houses with such interior entry routes,
especially if the sub-slab communication is good and/or
if the permeability of the native soil is relatively good.
However, the risk of reduced performance is increased.

In houses having any pre-mitigation radon concentration
(high, moderate, or only slightly elevated). In view of the
high radon removals and the moderate cost of sump/
DTD systems, they can be considered for treating any
pre-mitigation level, as discussed for the case of SSD in
Section 2.2.1.

In houses having any type of foundation wall (block,
poured concrete, or fieldstone), as discussed for SSD in
Section 2.2.1.

In houses where the area over the slab is largely finished
living space. The installation can generally be confined to
the area immediately over the sump, if the suction pipe
taps into the sump. If the suction pipe taps iato the tiles at
a point remote from the sump, the installation will be
confined to that one point around the perimeter, which
. can be selected to minimize the impact; if the tiles form

an exterior loop, this point will be outdoors. Thus, in
houses having moderate to poor sub-slab communication,
so that a SSD system would require multiple suction
pipes, it is likely that a sump/DTD system can be installed
with a less significant aesthetic impact or with less sig-
nificant modifications to the existing finish, compared to
SSD.

+ In houses where extensive wall finish or other obstruc-
tions do not hinder installation of a suction’ pipe into the
sump or into the perimeter tiles remote from the sump. If
access to the sump and tiles is constrained, and if there is
good sub-slab communication, SSD may be preferred
over sump/DTD even in cases where a sump with a
nearly-complete loop of tiles is present.

» In houses where the drain tiles do not become flooded,
. Le., where the sump pump is operating propexly. If the
drain tiles become blocked with water, the suction being
drawn by the fan will not be distributed around the tile
loop.

In some cases, there will be some uncertainty whether the tiles
around a given house form a complete loop, or whether they
are partially silted shut, or whether they are inside or outside
the footings. In such cases, judgement must be used. If there is
a reasonabie likelihood that the tiles go around three sides of
the house, the advantages of the sump/DTD approach might
make it cost-effective to attempt before proceeding to SSD or
some other approach, especially if only moderate radon re-
ductions (50 to 85%) are required.

As indicated above, there will be cases where SSD may be the
most applicable technique for a given house, rather than
sump/DTD, even in cases where a sump and a complete loop
of tiles is present. These cases include, for example, houses
where the sump or tiles cannot be conveniently accessed, or
houses where there is a drainage probiem.

2.2.3 Active Drain-Tile Depressurization
(Above-Grade/Dry-Well Discharge)

DTD/remote discﬁarge will be most applicable under the
following conditions,

« In any (basement or “slab-below-grade”) house having
drain tiles draining to an above-grade discharge or dry
well. DTD/remote discharge should be one of the first
mitigation approaches considered when a such a drain tile
system is present.

» In houses where the drain tiles form a loop beside the
footings that is nearly complete (i.e., on at least three
sides of the house), if either a) the tiles are outside the
footings, and sub-slab communication is good to mar-
ginal; or b} if they are inside the footings, as will com-
monly be the case with remote discharge, and the com-
munication beneath the slab is marginal to poor. If the
tiles are under the slab and if there is good communica-
tion immediately beneath the slab, it will be sufficient if
the tiles form only a partial loop ¢(less than three sides of
the house) or form some other pattern. Partial exterior
loops may be sufficient in cases where the permeability
of the native soil is relatively good. The rationale for this
criterion is as described previously in Section 2.2.2, for
the sump/DTD case.

» In houses without potential major soil gas entry routes

remote from the perimeter walls, in cases with exterior
drain tiles, as discussed in Section 2.2.2.
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In houses having any pre-mitigation radon concentration
{(high, moderate, or only slightly elevated), as discussed
for in Sections 2.2.1 and 2.2.2.

In houses having any type of foundation wall (block,
poured concrete, or fieldstone), as discussed for SSD in
Section 2.2.1.

in houses where the area over the slab is heavily finished
living space. Because the DTD/remote discharge system
is usually instailed entirely outside the house, this system
will tend to be less expensive and less obtrusive than
other approaches that could necessitate modifications in
the finished space.

In houses where the drain tiles do not become flooded, for
the reason discussed in Section 2.2.2. Flooding would be
most likely in cases where the tiles drain to a dry well.

2.2.4 Active Block-Wall Depressurization

BWD applies only to houses having hollow-block foundation
walls. Among block-wall houses, BWD will be most appli-
cable under the following conditions.

In houses where a SSD system has already been installed,
and where post-mitigation diagnostic testing and indoor
radon measurements indicate that this SSD system is not
adequately reducing radon entry through the block walls.

BWD systems, as stand-alone installations (i.e., without a
SSD component), have generally proven less effective
and less consistent than SSD systems. Therefore, a $SD
system will often be the first choice, with a BWD compo-
nent being added only if the SSD system by itself proves
unable to adequately reduce wall-related entry. Where
post-mitigation diagnostics indicate that the inital SSD
system is not adequately reducing radon concentrations
inside the block walls, a combined SSD+BWD gystem
may either be required, or may be preferable to the
possible option of adding additional SSD pipes near the
walis.

It can be difficult to predict the need for a BWD supple-
ment prior to the installation of the initial SSD system; as
aresuit, the BWD component may often be added follow-
ing the initial installation. SSD systems may sometimes
treat wall-related entry through interception of the soil
gas before it enters the void network, rather than by
actually creating a measurable depressurization within
the block cavites. As a result, if pre-mitigation sub-slab
suction field extension measurements are conducted us-
ing a diagnostic vacuum cleaner, failure of the vacuum
cleaner to create measurable depressurization inside the
cavities might not necessarily mean that an operating
$5D system will not adequately reduce radon entry through
the walls. In addition, high radon concentrations in the
walls prior to mitigation might well not reflect the con-
centrations that will exist after a SSD systemn begins
operation. Thus, the ability to use pre-mitigation diagnos-
tics to foresee when a SSD system will need to be
supplemented by a BWD component will depend upon
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experience in a given locale, where trends may become
apparent of the conditions under which a BWD compo-
nent is typically regnired.

In houses where one or more of the block walls is a
particularly important entry route, especially in cases
where sub-slab communication is sufficiently poor such
that it will be more difficult for a SSD system 1o address
this wall-related entry. Notwithstanding the fact that SSD

. will usually be the first technique of choice, as discussed

above, many mitigators can relate experiences where a
stand-alone BWD system treating one or two selected
walls proved to be extremely effective.

In houses where there are no major openings in the block
walls, or where the openings are accessible for reason-
ably convenient closure. This includes not only the pe-
rimeter foundation walls, but also any interior block walls
which are to be treated by the BWD system, and which
peneirate the slab and rest on footings underneath the
slab. Block walls are commonly so leaky that large
amounts of air are drawn through the walls and into the
BWD system from the basement (assuming a basement
house, the substructure to which BWD is most commonly
applied). In addition to creating a significant house heat-
ing/cooling penalty, this leakage makes it very difficult to
maintain a suction field inside the wall cavities, poten-
tially resulting in radon reductions which are insufficient
and unpredictabie, and which are variable over ime, It is
impractical to make a block wall air-tight; even painting
the wall to close the block pores and hairline mortar joint
cracks would not make the wall air-tight, and such exten-
sive effort is not generally required for BWD to be
reasonably successful, However, it is crucial that major
openings not be present in the wall to be treated, or, if
present, that they be closed,

In particular, BWD treatment of a wall will most likely be
successful in cases where

a course of solid cap block closes the top of the wall.
Or, if there is no solid cap block, the open voids in the
top course are accessible for effective closure.

there is no fireplace or chimney structure built into the
wall, potentially concealing routes for air leakage and
so0il gas entry,

there is no exterior brick veneer, concealing a gap
between the veneer and the interior block or sheathing
through which air can flow down into the void net-
work.

the block does not have particularly high porosity,
since high porosity facilitates air flow through the face
of the block. True cinder block (as distinguished from
concrete block) is often highly porous. Concrewe block,
which is much more common than cinder block, will
occasionally have higher-than-normal porosity when
there is a reduced amount of cement present in the mix
from which the blocks were fabricated. Particularly
porous blocks are characterized by more sharply-de-
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fined grains of aggregate on the surface, deeper pits
between the grains, and a rougher texture. In less
porous blocks, these features are more smoothed out by
the cement.

the wall is reasonably integral, and does not contain an
excessive number of wide mortar joint cracks or miss-
ing mortar. (All walls will have some hairline mortar
joint cracks.) '

In houses where the block wall is reasonably accessible,
i.e., is not covered with sheetrock or paneHing, and is not
otherwise blocked. Effective wreatment of a wall will
reguire one or more individual pipes penetrating that
wall, or a baseboard duct running the length of the wall. If
the wall is difficult to access, this can add significantly to
the instailation cost.

In houses where there are no obvious major slab-related
soil gas entry routes remote from the wall, in cases where
BWD is being considered as a stand-alone method with-
out SSD. EPA data (He87, Fi91) indicate that BWD by
itself can create a weak suction field beneath the slab,
potentially treating some slab-related entry routes remote
from the wall, However, this suction field will not always
extend effectively under the slab, even if the wall open-
ings are effectively closed. Thus, houses with badly
cracked slabs, for example, would not be good candidates
for BWD, except in conjunction with SSD.

In conjunction with SSD, individual-pipe BWD is appli-
cable in houses having any pre-mitigation radon concen-
tration {(high, moderate, or slightly elevated), as discussed
in Section 2,2.1, When used in conjunction with SSD, the
BWD treatment can some-times be limited to perhaps
one or two walls which diagnostics indicate are the major
entry routes not being treated by the SSD system. The
likely moderate cost of such a SSD+BWD system, com-
bined with its high effectiveness, makes it a pood candi-
date even when only a moderate degree of radon reduc-
tion is required,

As a stand-alone technique, however, BWD can some-
times be more expensive, if all walls must be treated. This
could limit its applicability o houses having pre-mitiga-
tion concentrations greater than 8 to 16 pCi/L, where the
required level of reduction would be sufficient to justify
the increased system cost.

The increased costs result from the possible need io treat
all walls in the stand-alone case rather than just one or
two, which increases the cost of pipe/duct installation and
of wall sealing. In the case of the baseboard duct BWD
variation, installation of the baseboard duct around the
entire perimeter has consistently made this the most
expensive ASD approach. The average installation cost
of the baseboard variation according to EPA’s survey
was $1,588 (Ho91), compared to $1,135 for SSD, al-
though costs above $2,000 could be anticipated in some
cases. In the case of the individual-pipe BWD variation,
the average cost reported in the survey was $1,045; this
cost is somewhat less than that of SSD, suggesting that

not all of the walls may have had to be treated by some of
the respondents to the survey. EPA’s experience has
indicated that where any significant closure of wall open-
ings is required (e.g., closure of open voids in the top
course of block), and where all walls must be treated, the
labor involved will almost always result in an instaliation
cost greater than the average reported in the survey.

n houses of any substructure where the block foundation

~walls can provide an entry route into the living area.

BWD has most commonly been used in houses having
basements. However, on occasion, BWD components
have also been found to be an important addition to SSD
installations in slab-on-grade houses, in some cases where
open voids on the top of the stem foundation wail (at siab
level) provided access to the living area. No data have
been found defining experience with BWD in crawl-
space houses having block foundations.

The baseboard duct BWD approach would best be con-
sidered in houses having a perimeter channel drain (some-
times referred to as a “canal” drain or “French™ drain)
around the perimeter wall/floor joint. SSD would still be
one of the first mitigation approaches considered, even
where a perimeter channel drain is present. However, the
drain should be closed in an appropriate manner, as
discussed in Section 4.7.1, in order to ensure effective,
reliable performance of the SSD system and to reduce the
heating/cooling penalty; this closure will increase the
cost of the S5D system. Application of the baseboard
duct BWD approach where a perimeter channel drain is
present covers the drain, a step which is likely to be
required regardless of the mitigation approach used, while
a) taking advantage of this ready-made access under the
stab to provide sub-slab treatment around the entire slab
perimeter; and b) uniformly treating the wall voids close
to the footing region. When used as a stand-alone tech-
nique, baseboard duct BWD over a perimeter channel .
drain is in fact a combination of SSD and BWD.

2.2.5 Active Sub-Membrane
Depressurization

SMI> will be most applicable under the following conditions:
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In houses having dirt-floored crawl spaces {including dirt
floors covered with gravel or a vapor barrier), or in
basement houses where a portion of the basement has a
dirt floor. SMD has consistently been found to be the
most effective approach for reducing radon concentra-
tions in houses with dirt-floored crawl spaces (Fi9(,
Py90), although not necessarily the least expensive; it
should always be one of the first approaches considered
for such houses. Crawl spaces having concrete slab floors
would generally be treated using SSD. Crawl spaces
having concrete wash floors (i.e., floors consisting of an
unfinished layer of concrete about 2 in. thick or less) may
be treated using SMD if the concrete wash is 100 badly
cracked to enable SSD. :

In crawi-space houses where the crawl space is reason-
ably accessible, i.e., has adequate headroom, a reasocn-



ably level floor, and limited obstructions (such as furnace
and water heater, interior load-bearing walls and support
piers, storage, e¢ic.). It has been found that complete
coverage of the crawl-space floor with the plastic mem-
brane, and sealing the membrane at all junctions, are
often not necessary. Thus, inability to access some lim-
ited portion of a crawl space due to one or more of the
above probleins does not necessarily render SMD inap-
plicable. However, SMD will provide its best perfor-
mance when the crawl space is entirely or largely acces-
sible. SMD will be inapplicable in crawl spaces which are
largely or completely inaccessible (e.g., “suspended
fioors,” which sometimes provide no more than 12 in. of
headroom anywhere in the “crawl space.” and which
sometimes have no access to the “crawl space™).

In crawl-space houses where natural crawl-space ventila-
tion (opening foundation vents) is not an option for radon
reduction, i.e., in houses where radon reductions of more
than about 50% are required in the living area, or where
cold winters and the presence of water pipes in the crawl
space complicate or discourage the use of natural ventila-
tion.

Available data (Na8S, Tu87, Fi89, Py90, Py91, Fis92)
" suggest that the living-area reductions achievable by open-
ing foundation vents are variable, and typically no greater
than about 50%. Thus, where greater reductions are re-
quired, natural ventilation is not a reliable option. Even
where reductions no greater than 50% are needed to
achieve, for example, 4 pCi/l. in the living area, SMD
could still be a desirable option, since it could provide
even greater reductions and thus reduce living area con-
centrations to even lower values.

Also, in cold climates, cpen vents could result in water
pipe freezing in the crawl space, and cold floors in the
living area above. While the pipes can be insulated, these
difficulties might discourage some homeowners from
using natural ventilation on a year-around basis.

In crawl-space houses where crawl-space depressuriza-
tion is less likely to be a viable radon mitigation option,
i.e., in houses where the crawl space is not well-isolated
from the outdoors andfor from the living area, or where
there are combustion appliances (such as a gas-fired
furnace) in the crawl space.

Crawl-space depressurization has consistently been found
to be second only to SMD in effectiveness for reducing
radon levels in crawl-space houses (Fi89, Fi90, Py90,
Py91, Tu91c). 1t is less expensive than SMD to install,
but it is commonly more expensive to operate because it
generally draws a greater amount of treated house air out
of the living area,

Crawl-space depressurization will be most effective in
cases where the crawl space is well isolated, i.e., where
the perimeter walls are relatively tight, and where the
flooring between the crawl space and the overhead living
area {or the wall between the crawl space and any adjoin-
ing basement) are relatively tight. Where the crawl space

is not well isolated, there is an increased chance that a)
crawl-space depressurization will not be able to effec-
tively depressurize the crawl space, and will thus not be
able to provide effective radon reductions at reasonable
exhaust fan capacity; b) the amount of treated house air
drawn down from the living area will be high, thus
increasing the heating and cooling penalty associated
with crawl-space depressurization; and/or ¢) the installa-
tion cost of the crawl-space depressurization system wiil

_ be increased, due to the effort required to provide the

needed isolation. Poor crawl-space isolation thus would
tend to make crawl-space depressurization less competi-
tive with SMD. Features that tend to make the crawl
space less tight inciude forced-air heating ducts penetrat-
ing the flooring between the crawl space and the living
area, other unclosed openings through the flooring, ab-
sence of a wall separating the crawl space from an
adjoining basement, and the presence of foundation vents.

However, even where the crawl space is relatively tight,
SMD will commonly provide greater radon reductions at
lower exhaust flows (i.e., lower heating/cooling penalty).
Thus, SMD should always be considered, even where the
house may be amenable to crawl-space depressurization.

The presence of combustion appliances in the crawl
space could make crawi-space depressurization inappli-
cable, due 1o concerns that that approach could cause
back-drafting of the appliances.

In crawl-space houses having either hollow-block or
poured concrete foundation walls. In the relatively lim-
ited testing to date in crawl-space houses, there has been
no clear indication that possible radon entry into the
crawl space or living area via the void network inside
block walls presents a problem that cannot be treated by
SMD. To be safe, when treating crawl-space houses
having block foundations, some mitigators design the
SMD systemn in a manner to increase its hkelihood of
treating the wall cavities.

2.3 Performance of Active Soil
Depressurization Systems

This section reviews the experience to date with each of the
ASD variations, to suggest the performance that might be
expected with these techniques under various conditions.
Available resuits are summarized from research, develop-
ment, and demonstration projects, and from the experience of
commercial radon mitigators,

The subsequent discussions for each ASD variation will ad-
dress the current understanding of the effects of the following
classes of variables on system performance:

a} House design variables, including, for example, sub-slab
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communication, forced-air ducts and other obstructions
under the slab, the nature of any drain tile loop, founda-
tion wall material of construction, house size, presence of
an adjoining wing on the house, presence of major/
inaccessible radon entry routes, and crawl-space features,
such as accessibility and nature of the floor.



b) House operating variables, including, for example, the
characteristics of the heating/ventilating/ air conditioning

(HVAC) system, and the operation of any exhaust fans.

Mitgation system design variables, including, for ex-
ample, the number, nature, and location of $8D suction
pipes, the nature of any suction pit excavated under the
slab where the SSD pipes penetrate, the degree of slab
sealing carried out in conjunction with ASD installation,
configuration of the SMD system in the crawl space, etc.

c)

d} Mitigation system operating variables, including, for ex-

ample, the capacity of the suction fan.
e) Geology and climate variables that could influence sys-
tem operation and performance, €.g., the source sirength
{or the concentration of radon in the soil gas), the perme-
ability of the underlying native soil, and weather condi-
tions that could influence radon entry (temperature, winds,
precipitation),

Much of the information summarized here has become avail-
able since the second edition of this document was published
in January 1988 (see Section 5 in Reference EPA8Ra). While
EPAB88a accurately indicates the general performance of (and
confidence in) these systems, there is now a broader and more
extensive understanding of the conditions which influence
system performance.

2.3.1 Active Sub-Slab Depressurization

Active SSD has been one of the most widely used radon
reduction techniques. While there is not an accurate count of
the number of SSD installations that have been made over the
past six years, the number appears to be greater than ten
thousand (Ho91). Such systems have been installed through-
out the United States, and in some other countries.

SSD systems have consistently provided radon reductions of
80 to 99%, except in cases where sub-slab communication
was extremely poor, where well water was a significant
contributor to airborne radon concentrations, or where certain
design problems arose. In some cases, a BWD or SMD
component had to be added to the SSD system to achieve
these high reductions. The highest percentage reductions are
obtained when the pre-mitigation level is highly elevated.
Because the system can never reduce indoor concentrations
below outdoor levels (which average roughly 0.4 pCi/L around
the country), a SSD system could not achieve percentage
reductions as great as 90% when pre-mitigation levels are in
the range of 4 pCi/L.

The EPA research, development and demonstration program
has tested SSD (sometimes in combination with other ASD
variations) in a total of 85 basement houses, representing a
range of house design and geology/climate variables (He87,
Mi87, 5¢88, Fid9, HeB9, Ni89, TuB9, Dud0, Gi%0, Mes90a,
Py90, Du%1). These 85 houses had pre-mitigation values
ranging from a low of about 10 pCi/L, 10 a high of over 1,000
pCi/L. Over 80% of these houses were reduced to post-
mitigation values below 4 pCi/L in the basement (and typi-
cally even lower values upstairs); over 50% were reduced to 2

pCi/L and less, and about 25% were reduced to 1 pCi/L and
less. Those houses still above 4 pCi/L. remain elevated due to
one or more of the following reasons: extremely poor sub-slab
communication; re-entrainment of SSD exhaust back into the
house, in some cases where the radon concentrations in the
exhausts were dramatically elevated (Mi87, Fi91, He01d);
and contributions to the airborne levels from radon in the well
water (Ni89, Fi91, He91d). The re-entrainment problem can
be addressed through additional care in the design of the
system exhaost; the problem with the wel water would re-
quire that a water treatment step be installed. The problem of
very poer communication may be more difficult to address,
with possible solutions including the addition of more suction
pipes, increasing the fan capacity or making other changes in
system design, adding, for example, a BWD component, or
attempting another mitigation approach, such as basement
pressurization.

The percentage of these basement houses that were reduced to
2 pCi/L. and less could presumably also be increased by
further improvements on the current SSD installations. At the
time that many of these installations were made early in the
program, efforts commonly stopped once the ability to achieve
EPA’s initial guideline of 4 pCi/L. was demonstrated.

The post-mitigation measurements reported for the 85 base-
ment houses represent a range of measurement methods and
durations, ranging from several-day measurements with con-
tinuous monitors and charcoal detectors, to 3- to 12-month
alpha-track detector measurements. Thus, some of these mea-
surements better represent the long-term performance of these
SSD systems than do others. However, it is clear that, overall,
the SSD systems are being very effective.

The EPA program has tested SSD in 40 siab-on-grade houses,
representing a range of house and geology/climate variables
(Fi89, Fo89, Fi90, Gi%, Mes90a, Roe91, Tudlb, Tudlc,
F092). These 40 houses fall into two categories: 11 represent
the mid-Atlantic coast and the Midwest (Fi89, Fi90, Gi90,
Mes90a), and are characterized by a good layer of aggregate
under the slab; the remaining 29 represent Florida and the
Southwest (Fo89, Roe91, Tu91b, Tu91ic, Fo92), and are char-
acterized by low-permeability packed sand (andfor clay) un-
der the slab, generally with no aggregate. The pre-mitigation
indoor levels ranged between 7 and 30 pCi/L at all locations,
except for nine of the Florida houses (Fo89, Roe91, Fo92),
where some individnal pre-mitigation readings were as high
as 40 to 100 pCi/l..

Of the EPA slab-on-grade study houses having good aggre-
gate, one- or two-pipe SSD systems were sufficient to reduce
all 11 of them below 4 pCi/L., 10 of them o 2 pCi/L and less,
and 7 of them (almost two-thirds) to 1 pCi/L and less. These
reductions were achieved despite the presence of sub-slab
forced-air heating supply ducts, disrupting the communica-
tion beneath the slabs in a number of the houses, However, of
the 29 houses in Florida and the Southwest with poor sub-siab
communication, only 19 of these houses (about two-thirds)
have to date been reduced to 4 pCi/L and less, despite the use
of multiple suction pipes (as many as nine pipes in one Florida
house). These 19 houses reduced to 4 pCi/L and less represent
5 of the 6 of New Mexico houses, and 14 of the 23 Florida
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houses. Seven of the 29 houses {about one-guarter) have been
reduced to 2 pCi/L and less, and only two (both in New
Mezxico) have been reduced to 1 pCi/L. and less, based upon
short-term measurements. The apparent conclusion is that,
where a good aggregate layer exists, relatively simple SSD
systems can provide excellent reductions in slab-on-grade
houses, despite sub-slab obstructions. But where the material
directly under the slab is a low-permeability packed sand/
clay, more extensive SSD systems will be needed, and re-
sidual (post-mitigation) radon levels will tend to be higher.
The difficulty experienced in achieving residual levels below
2 t0 4 pCi/L in the Florida houses could also be in part due to
the higher pre-mitigation values in some of these houses,

This experience with SSD in basement and slab-on-grade
houses under the EPA R.D&D program is also generally
reflected in the experience of other rescarchers (Er84) and
commercial mitigators, Respondents to EPA’s mitigator sur-
vey (Ho91) indicated that SSD {or, where appropriate, DTD),
sometimes in conjunction with sealing, is the technigque used
in about 90% of basement and slab-on-grade houses. In a New
Jersey survey (DeP91), 75 to 85% out of almost 1,200 com-
mercial installations surveyed in that state were found to
involve SSD. In addition, discussions with a number of miti-
gators who have installed 250 mitigation systems or more
apiece, confirm that SSD is very effective over a broad range
of applications (Bar90, Bro%(, Mes90b, Sh90, S190, We90).
According 1o these mitigators, one- or two-pipe SSD systems
are sufficient in a large majority of the houses mitigated. For
some more difficult basement and slab-on-grade houses (as
few as 10 to 20% of the total in some geographical locations),
three, four, or more suction pipes are regaired in order for
S8D 10 be effective, or a BWD component is required. In only
about 1% of the houses treated by these mitigators were
conditions so unfavorable that SSD was practically not appli-
cable: these cases usually involved extremely poor sub-slab
communication (such as wet clay under the slab), high de-
grees of interior finish, irregular house configurations, and
additions to the house.

The following discussion summarizes the results to date, as
they address each of the house, mitigation system, and geol-
ogy/climate variables that can influence system design, opera-
tion, and performance.

a) House design variables

» Sub-slab communication. Numerous studies in both
basement and slab-on-grade houses having good commu-
nication (Tu89, Du90, Fi89, Gi90, Mes90za, Fi91), as well
as commercial experience, have consistently demonstrated
that such houses can be reduced below 4 pCi/L, and
generally below 2 pCi/l., with only one or two suction
pipes. “Good communication” generally coincides with a
layer of aggregate beneath the slab. (See definition of
“aggregate” in the Glossary.) Where communication is
poor (Fo89, Tu89, Py90, Du91, Fi9l, Roe91, TuSlb,
Fo092), reductions below 4 pCi/l. are still commonly
achieved, but generally require more suction pipes and
more careful pipe placement to ensure that an adequate
suction field is established everywhere beneath the slab.
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Ability to reliably achieve 2 pCi/L and less is not well
demonsirated in poor-communication houses.

s - Nature of foundation wall. In a majority of basement
houses where sub-slab communication is good, SSP per-
formance appears generally similar regardless of whether
the foundation wall is constructed of poured concrete or
of hollow block (He87, Gi90). Often, any reduced perfor-
mance observed in block-foundation basement houses

_ relative to poured-foundation houses appears stnall, per-
haps even within the uncertainty of the radon measure-
ments (He87). However, there will be some percentage of
cases where SSD clearly is not adequately treating the
entry routes associated with block walls, and a BWD
component will be required, or will be more practical
than attempting to address the wall entry routes through
more SSD pipes (He87, Sc88, Ni89, Tug?, Py90, ShoD).
The potential need to add 2 BWD component appears 1o
be greatest when sub-slab communication is poor, hin-
dering interception of s0il gas by the S8D system before
it enters the void network. In infrequent cases, presum-
ably where the walls are particularly important radon
sources, wall reatment has sometimes been required
even when communication has been reasonably good,
and when the SSD system has appeared to be effectively
depressurizing the entire sub-slab (Section 7.3 in Fi91).

An attempt was made to study the effect of the foundation
wall on SSD performance in slab-on-grade houses in
Ohio having good sub-slab aggregate (Fi90, He91a). As
it turned out, any effect of wall material could not be
separated out from the effect of house size, because all of
the large houses (generally greater than 1,700 f*) had
bleck foundations, and all of the small ones (less than
1,400 ft%) had poured concrete. All of the smaller houses
with poured foundations were reduced from pre-mitiga-
tion levels of 13 10 30 pCi/L. down o 1 pCi/L and less
with one suction pipe. However, the larger, block-foun-
dation houses were usually reduced only to within the
range of 1 to 3 pCi/L, and sometimes required two
suction pipes to reach that range. The one small (1,100
ft?) house with a block foundation did perform more
poorly than the small poured-foundation houses, achiev-
ing only 1.5 to 2.5 pCi/L with one suction pipe. One skab-
on-grade house with good aggregate tested in Maryland
(MesS0a) had a block foundation and was larger than any
of the Ohio houses, yet was reduced from pre-mitigation
levels of 7 to 16 pCi/L down to below 1 pCi/L. with only
one SSD pipe, comparable to the Ohio poured-foundation
houses. This Maryland house had styrofoam insulation
board on the interior face of the foundation wall below
the slab, possibly reducing the short-circuiting of outdoor
air into the system through the wall and thus contributing
to the good performance, (In all of the houses, the slab
was elevated above grade by 6 to 12 inches in at least
some locations around the perimeter, creating the possi-
bility that outdoor air could leak into the system through
the walls.)

From the above data, it appears that air leakage into the
system via the block walls might be contributing (along
with house size) to reduced SSD performance in skab-on-



grade houses having good aggregate. This effect could be
reduced when there is insulation board inside the block
foundation. Any detrimental effect of the block walls
does not appear adequate to prevent achieving levels
below 4 pCi/L with one fo two suction pipes in slab-on-
grade houses with good aggregate, even when sub-slab
forced-air supply ducts are present, and even when the
suction pipes are placed near the perimeter. However,
wall effects could increase the number of pipes required
to achieve near-ambient indoor levels in block-founda-
tion houses. The relatively small effect of the block
foundation in the good-aggregate case might be attributed
to adequaie extension of the suction field beneath the
slab, through the aggregate, despite any leakage of out-
door air that might be occurring through the foundation
walls.

But in siab-on-grade houses in Florida, where sub-slab
communication is often very poor, block walls appear to
have a more significant impact on SSD performance. In
one house (House C4) where SSD suction pipes were
tested both toward the slab interior and near the slab
perimeter, pre-mitigation indoor levels of 38 to 67 pCi/l.
were reduced to 5.5 pCifL by the operation of two suction
pipes toward the interior of the slab, but only to 9.4 pCi/L
by two pipes near the perimeter (according to 3- 10 4-day
continuzous radon monitor measurements) (Fo92). The
poorer performance with the perimeter pipe locations is
presumably due to outdoor air short-circuiting into the
system via the walls, which commonly extend perhaps 12
in. above grade. In a second house (House C1), originally
at 40-70 pCi/L, four interior pipes generally reduced
indoor levels 1o 2.2-3.4 pCi/L, whereas five perimeter
pipes achieved a level of only 4.5 pCi/L. In a third house
(C5), originally at about 20 pCi/L, two interior pipes
reduced levels to 8.0 pCi/L., whereas two perimeter pipes
achieved only 1.0 pCi/L.. This wall effect is confirmed
by measurements in test slabs and by computer modelling
(Fu91). Where communication beneath the slab is very
poor, the impact of air leakage into the system through
block walls might be expected to have a more visible
effect.

Not all slab-on-grade houses having very poor communi-
cation and block foundations have exhibited the same
difficulties encountered in the Florida houses. Three such
houses were tested in New Mexico (Houses AL0O2, ALO3,
and ALO4 in Tu9lb). Two of these houses have been
reduced below 4 pCi/L. with one to three suction pipes,
and one has been reduced below 2 pCi/L, despite place-
ment of the pipes near the perimeters. This difference in
achievable radon levels between the Florida and New
Mexico houses may be due 1o better suction field exten-
sion around the foundation or through the underlying soil
in New Mexico resulting from the geology or dry climate
in the Southwest, or resulting from local construction
practices (e.g., the presence of insulation board around
the foundation in some cases). it could algo result, in part,
from the fact that the pre-mitigation levels in New Mexico
were lower, 7 to 18 pCi/LL in these three houses, com-
pared to levels up to 103 pCi/L. in a few of the Florida
houses.
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With either basement or slab-on-grade houses having
block foundation walls, another wall-related variable
which could influence the performance of SSD alone is
whether the voids in the top course of block were capped
during construction. If the top voids are capped, there is
an increased likelihood that better reductions will be
achieved with fewer SSD pipes, and that a BWD compo-
nent will not be needed in the ASD system. In basement
houses, the closure of the top voids during construction

.. would be apparent from the presence of a solid cap biock

as the top course. In slab-on-grade houses, the closure
would take the form of either a) a solid top block (which
could be an L-block), with the slab poured inside the stem
wall (or to the notch in the L); or b) the slab poured on top
of the stem wall, closing the top cavity. The nature of
block stem wall in a slab-on-grade house can be difficult
to determine,

House size. Where there is a good layer of sub-slab
aggregate and where there are no complicating factors,
one or two SSD pipes have sometimes treated residential
basement slabs and slabs on grade as large as 1,850 to
2,700 ft*, reducing indoor levels to 1 to 2 pCi/L and less
(Fi89, Fi90, Mes%0a). Such reductions in such large
houses have sometimes been observed even where some
complicating factor is present (e.g., sub-slab forced-air
supply ducts, very high pre-mitigation concentrations, or
biock foundation walls, as discussed above). Where such
complicating factors are present, one or two pipes will
commonly be sufficient to reduce large houses to 3 to 4
pCYL and less, if not below 1 to 2 pCi/L (Fi90, Mes90a),
when there is good aggregate. In such cases, house size is
not a significant variable.

Underscoring this conclusion from residential testing,
tests on large slab-on-grade schools and commercial build-
ings have demonstrated that where communication is
good and there are not sub-slab obstructions, a single
suction pipe {(and a properly sized fan) can be sufficient to
treat slab areas as great as 50,000 f2 {(Cr92b). No house
would be anywhere near this size,

But where sub-slab communication is not good, large
house siabs will require a greater number of suction pipes
located properly in order to provide sufficient suction
field extension.

Adjoining wings. In basement houses having an adjoin-
ing slab-on-grade or crawl-space wing, a SSD system
treating the basement slab alone, without direct treatment
of the adjoining wing, is sometimes sufficient to provide
the needed radon reductions throughout the entire house
(5c88, Fi89, Mes90a). The adjoining wing is most likely
to also require direct treatment when a) the adjoining
wing provides important entry routes, and has distinctly
elevated soil gas radon concentrations under its founda-
tion; and b) communication beneath the basement slab is
poor, hindering the extension of the basement suction
field under the adjoining wing, and hindering intercep-
tion of soil gas before it reaches the foundation of the
adjoining wing (Mes90a).



Sub-slab obstructions. Obstructions can be present under
the slabs in basement and slab-on-grade houses which
could potentially interrupt suction field extension even in
cases where aggregate is present. Such obstructions in-
clude footings suppotting interior load-bearing walls,
grade beams, sub-slab forced-air supply or retumn ducts,
and sunken living rooms in slab-on-grade houses.

" Testing in seven slab-on-grade houses in Ohio having

sub-slab forced-air supply ducts has indicated that, where
a good layer of aggregate exists, SSD performance is not
dramatically reduced by such ducts, even though sub-slab
depressurization measurements suggest that the ducts are
interrupting suction field extension (Fi90, He%1a). The
ducts did appear to increase the likelihood that two suc-
tion pipes would be required to reduce the house below 4
pCi/L, and that the fan would have to be operated at full
capacity. However, even the largest house in the Ohio
project (2,600 ft* slab) was reduced below 2 pCi/L with
two suction pipes (89% reduction), despite sub-slab ducts.
In one large (2,700 ft) slab-on-grade house in Maryland
having sub-slab supply ducts and good aggregate, levels
were reduced below 1 pC/L (over 90% reduction) with a
single suction pipe (Mes90a).

Even in one 1,900 {t? slab-on-grade house (House ALO4)
in New Mexico having no aggregate (slab resting directly
on dry sand/clay soil), the house has been reduced to 1 to
2 pCi/L (a reduction of about 85%) with only three 55D
pipes despite the presence of sub-slab supply ducts
(Tu91b). In one other house with sub-slab supply ducts
and no aggregate (House AL(2, having a slab of 2,000
ft?), levels were reduced below 4 pCi/l. with only one
pipe: however, these post-mitigation levels tend to spike
with decreases in barometric pressure, for reasons that
may or may not be associated with the sub-siab ducts.

More data would be required in poor-comumunication
houses before a conclusion could be drawn regarding
how consistently the degree of success seen with sub-slab
ducts in the New Mexico project might be expected in
other such houses. In addition, no data exist on 55D
performance in houses having forced-air return ducts
under the slab (with or without aggregate). Since return
ducts operate at low pressure, they would be competing
with the 8SD system for the soil gas, and would provide
SSD systerns with a greater challenge than do supply
ducts.

There is not a definitive data base available on the effects
of the other types of obstructions under house slabs. In
the testing of SSD systems in large slab-on-grade school
buildings, which are more likely than houses to have
imerior footings and grade beams, experience has been
that, even when aggregate is present, slab treatment by a
given SSD pipe will not reliably extend past ar interior
footing supporting an interior block load-bearing wall
which completely bisects the slab (Cr91), However, in
testing in houses where such an interior footing com-
monly appears in the form of a stem wall separating a
basement from an adjoining slab-on-grade wing, suction
on the basement slab alone has been found adequate to

b)
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treat the adjoining slab on grade when there is good
aggregate, as discussed previously (Mes90a). This effect
might sometimes be due to interception of soil gas before
it reaches the slab-on-grade foundation, and not always to
a measurable extension of the basement suction field into
the aggregate beneath the slab on grade. The permeability
of the underlying native soil conld also play a role. Where
aggregate is present, grade beams (thickened slabs) are
likely to be poured on top of the aggregate, so that suction

.. fields have been observed to extend past grade beams

{C191). The effect of interior footings and grade beams
on 85D systems will likely depend upon the permeability
of the underlying soil, to permit the suction to extend
under the interior obstruction,

Where sub-slab communication is poor, it would be
anticipated that interior obstructions would generally cre-
ate a more serious problem than they do in the good-
communication case,

House operating variables

Operation of central furnace fan, and exhaust
Jans. Operation of a central furnace fan in a basement
house, when the cold air return ductwork is in the base-
ment, has been found to cause incremental increases in
basement depressurization typically ranging between 0.002
and 0.02 in. WG (Mi87, HaR9, HuB9, MaR%b, TuR9,
Tu90), Similar increases in depressurization have been
observed in rooms within slab-on-grade houses, when
cold air returns are in those rooms (Cu92). This depres-
surization results because the low-pressure cold air return
ducting is typically very leaky, so that the central fan is
withdrawing significant amounts of air from the base-
ment and distributing most of it to other locations in the
house. Various exhaust fans in basement houses have
been found to be creating increases in basement depres-
surization ranging from 0.001 to 0.02 in. WG for clothes
driers (Mi87. Ma8%b, Tu90), 0.004 to 0.008 in. WG fora
whole-house fan (Tu90), and 0.008 to 0.02 in, WG for an
attic fan (Tu90). Again, similar increases in depressuriza-
tion have been observed in the living area of slab-on-
grade houses from operation of such exhaust fans (Cu92).

SSD systems can be designed to develop sufficient sub-
slab depressurizations during cold weather with the ex-
haust appliances off, so that the system will nominally
not be overwhelmed by these additional basement de-
pressurizations when the appliances come on, Where a
good layer of aggregate exists, sub-slab depressurizations
sometimes well in excess of 0.01 to 0.02 in. WG can be
maintained under most or all of the slab by one or two
suction pipes, during cold weather with the appliances off
{e.g., Gi90, Mes90a, Fi91). Where there is not an aggre-
gate layer, more suction pipes would be required to
maintain sub-slab depressurizations that great, and it is
more important to locate the pipes near the entry routes
(especially the wall/floor joint) to help ensure that the
depressurization extends {0 those entry routes.

Depending upon site-specific factors, there may not nec-
essarily be a significant impact on long-term average
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indoor concentrations if the pressure differential across
some portion of the slab is occasionally reversed by
operation of these exhaust fans. Moreover, since SSb
seems to work by mechanisms in addition to soil depres-
surization (in particular, by soil gas dilution), it may in
fact not be necessary to guarantee that the sub-slab de-
pressurizations being established by the system are greater
at every sub-slab location than every potential basement
depressurization that the systemm may ever encounter.
However, where the SSD system can reasonably be de-
signed to provide sub-slab depressurizations of about
0.01 t0 0.02 in. WG everywhere during cold weather with
the appliances off, in order 1o ensure that the system will
essentially never be overwhelmed, it is advisable to do so.

Where slab pressure measurements are made during mild
weather, the (conservative) target sub-slab depressuriza-
tion with exhaust appliances off would be increased to
0.025 t0 0.035 in. WG, to include the further basement
depressurization caused by the thermal stack effect dur-
ing cold weather, (This conservative maximum basement
depressurization is thought to be high; combustion appli-
ances would back-draft if such basement depressuriza-
tions were maintained for an extended period.) The stack
effect is discussed further in 2.3.1e (Climatic conditions).

Where forced-air supply ducts are located under the slab,
then the SSD system faces an even greater challenge, Not
only must the system overcome any depressurization of
the house caused by leaky cold air returns, but it must
also overcome pressurization of the sub-siab region caused
by the supply ducts. Testing in a total of eight slab-on-
grade houses having sub-slab supply ducts (Fi89, Fi90,
Mes90a) has demonstrated that, where good aggregate is
present, the SSD system can generally maintain good
radon reductions despite operation of a central fumace
system having such ducts. There are no data available on
the effects of forced-air returm ducts under the slab, which
would present the SSD system with an entirely different
challenge than do supply ducts.

Mitigation system design variables

s  Number of suction pipes. Where there has been a good

aggregate layer beneath the slab, radon reductions to 2
pCi/L. and less have commonly been achieved in both
basement and slab-on-grade houses using only one or two
suction pipes (Tu89, Bro%0, Du90, FiB9, Gi0, Mes90a,
Mes90b, We90, Fi91). Residential slab arcas as great as
1.850 ft* (Fi89) to 2,700 ft? (Mes%0a) have been treated
by a single suction pipe under favorable conditions, as
have school slabs as large as 50,000 ft* (Cr92b).

But when commaunication is marginal or poor, more pipes
will be required to maintain adequate sub-slab depressur-
ization at the major entry routes. Mitigators report two to
four suction pipes commonly being required in “rypical”
marginal-communication houses (Bro90, Mes90b), about
one pipe per 350 to 750 f*. However, depending upon
how poor the communication is, how widely the entry
routes are distributed, and how large the house is, even
more pipes can be required. Three to five pipes (corre-
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sponding to one pipe per 350 to 750 ft*) have proven
inadequate to reliably achieve less than 4 pCi/L in some
Florida slab-on-grade houses having poor sub-slab com-

. munication (Fo92), Some commercial installations have

been reported having as many as eight (S$t90) to eleven
(Bro90) suction pipes in worst-case basement houses
where communication was trely poor. In one large base-
ment house (2,260 ft* slab) with no measurable suction
field extension beneath the slab, 20 suction pipes (about

_one pipe per 100 fi%) reduced 3-month winter-quarter

concentrations in the basement to 2 pCi/L. (Sc88), raising
doubts regarding the viability of achieving near-ambient
radon concentrations with SSD alone in that house, at
least in the basement during cold weather.

Where communication is moderate to poor, various in-
vestigators have used pre-mitigation diagnostic tésts to
aid in deciding how many suction pipes will be needed at
what locations in order to adequately depressurize the
sub-stab (EPABBb, Fo0, Fi91, Tu91a, and Tu91b, among
others). These tests commonly involve use of a vacuum
cleaner to determine the ease of suction field extension
under the slab. A large number of mitigators report that
the vacuum cleaner testing, although useful as a qualita-
tive indicator of good vs. poor communication, generally
appears to over-predict the number of SSD pipes actually
required to achieve the required radon reductions when
used for quantitative design (Fo90, Fi91, 8i91, Sau%2).
That is, the sub-slab suction field generated by the vacuum
cleaner is more limited than it should be, suggesting that
more SSD pipes will be needed to provide the desired
depressurization than are in fact required to adequately
reduce indoor radon levels. Perhaps in some cases, the
disagreement between the vacuum cleaner and the SSD
results occurs because the vacuum cleaner diagnostic test
has not been conducted properly—e.g., insufficient time
has been allowed for the vacuum cleaner to establish its
suction field at remote test holes (Hi92). (See Section
3.3.2.) This result may also be indicating that the SSD
system is working by mechanisms in addition to depres-
surization—e.g., by soil gas dilution, which the vacuum
cleaner flows are sometimes too low to reproduce.

Location of suction pipes. Where there is a good Iayer
of aggregate, the one or two suction pipes can usually be
located just about anywhere, as necessary io avoid fin-
ished areas and to accommodate the homeowners’ living
patterns. If there is no constraint regarding pipe location,
placement of the pipes near what would appear to be the
more important potential entry routes would intuitively
seem to be advisable (e.g., toward the fully below-grade
block foundation wall in a walk-out basement); but the
pipes should never be placed too close to a major slab
opening, such as an unsealed perimeter channel drain,
which would permit excessive air short-circuiting into the
system. If there are constraints on pipe location, this is
generally not a problem when sub-slab communication is
good; there are numerous instances where large slabs
have been very effectively ueated (reducing indoor levels
o 1 to 2 pCi/L) with a single pipe at one end. Examples
include House 21 in Reference Sc88, House 43 in Refer-
ence Fig9, and House 488 in Reference Mes90a.



Where the sub-siab region can conveniently be accessed
from outdoors, as is often the case in slab-on-grade
houses, pipes penetrating through the foundation wall
from outdoors appear to give reductions comparable to
those achieved when the pipes penetrate down through
the slab from indoors when communication is good (Fi90).
Such exterior penetrations have even been successfully
used in basement houses, in cases where the basement is
s0 heavily finished that interior pipes are not practical
(K189).

When communication is moderate to poor, more care is
required in locating the multiple suction pipes near the
major entry routes, since the suction field will not extend
so far from the pipes. General experience, together with
measurements of the “radon entry potential” around slabs
(Tu9la, Tu91b), have indicated that the wall/floor joint,
and block foundation walls where present, are consis-
tently among the major entry routes. Interior slab loca-
tions are usually major routes only where there is some
major skab opening at an interior site (e.g., a cold joint, or
~an interior block foundation wall or fireplace structure
which penetrates the slab). Consequently, suction pipes
are commonly placed near the perimeter walls when
communication is poor {(e.g., Sc88, Tu%1b), with pipes
placed at interior locations primarily when there is an
interior entry route. Again, a suction pipe should not be
placed too close to a major unsealed siab opening, to
avoid excessive short-circuiting of house air into the
system, .

In addition to having the pipes near the major entry
routes, location of the pipes around the perimeter in poor-
communication cases also takes advantage of the fact that
sub-slab communication will generally be best in the
vicinity of the footings. The region around the footings
had to be excavated and backfilled during construction;
thus, the soil will tend to be looser and more permeable at
that location, and some soil subsidence may even have
taken place there after the siab was poured, possibly
creating an air gap under the slab,

The one case where perimeter placement of suction pipes
appears to be undesirable in poor-communication houses
has been in slab-on-grade houses with biock foundations

and shallow footings in Florida (Fo90, Fo92), as dis-

cussed above under Nature of foundation wall. A similar
result has been reported in Arizona and southern Catifor-
nia (K192). Because of the extremely poor sub-slab com-
munication in the Florida houses, location of the $SD
pipes near the perimeter probably is resulting in enough
outdoor air short-circuiting into the SSD system through
the above-grade block foundation wall and perhaps through
the soil under the footings, to unacceptably reduce the
already-weak suction field extension through the sub-
slab fill material. Location of suction pipes near perim-
eter block walls in slab-on-grade houses has not been
found to be a significant problem at other sites, including
Ohio (Fi90) and Maryland (Mes90a), where aggregate is
present under the slabs. Nor did it appear to be a major
problem in New Mexico slab-on-grade houses, despite
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the fact that the communication under the New Mexico
slabs appears as poor as that under the Florida slabs.

Size of suction pipes. The suction loss in the system
piping is determined by the gas velocity in the pipe (and
hence the pipe diameter), as well as by the length of
piping and the number of elbows and other obstructions
in the piping. For a given piping configuration, the pipe
diameter necessary to adequately reduce suction loss can

~ be calculated based upon the capabilities of the SSD fan

being used and upon the suction that must be maintained
beneath the slab, Four-inch diameter pipe has been the
size most commonly used, since 4-in. PVC piping is
readily available, and provides reasonably low suction
loss over the range of flows typical of most SSD instala-
tions (commonly 25 to 100 cfm in houses having good
communication). Three-in. diameter piping can usuaily
be considered where desirable for aesthetic reasons (e.g.,
to permit concealment within stud walls), where flows
are sufficiently low, and/or the piping run is sufficiently
short, and/or fan capacity is adequate. When very low
flows (e.g., 10 cfm) are expected in a particular suction
pipe in poor-communication houses, 2-in, piping can be
considered for that particular pipe. o

Another consideration in selecting pipe size is to reduce
flow noise in the piping. As flow velocity in the pipe
becomes greater than roughly 1,000 to 1,500 ft/min, pipe
noise becomes increasingly audible (An92, Br92). These
velocities correspond to roughly 90-130 c¢fm in a 4-in.
pipe, or 50-75 cfm in a 3-in. pipe. The noise level tends to
be greatest at elbows and other flow obstructions.

Pit size under SSD pipe. Excavating a pit beneath the
stab, at the point where the SSD pipe penetrates, de-
creases the pressure drop experienced by the soil gas in
accelerating from its low velocity beneath the slab up to
the velocity that exists in the system piping. Such pits
would thus permit the suction being developed by the fan
to more effectively produce a suction field beneath the
slab, rather than being consumed in accelerating the soil
gas. In addition to reducing the pressure loss due to gas
acceleration, pits may also function in some cases by
intersecting more permeable fractures and strata in the
soil/fill underlying the slab,

Pits are most important where the sub-slab communica-
tion is marginal or poor, where the fan can use all the help
it can get in developing an adequate sub-slab suction
field. Pits will also be beneficial in good-communication
cases. The higher flows when communication is good
might result in suction losses due to acceleration even
greater than those in the low-flow poor-communication
cases, if the pit were not present. However, the good-
communication houses would be better able to sustain
that suction loss without as great an impact on SSD
performance. Thus, pits are typically excavated in good-
communication as well as poor-communication houses,
although the pits are probably most crucial for the poor-
communication cases,



"The benefits of increasing the pit size in poor-communi-
cation houses will depend upon the nature of the sub-siab
fill material and of the underlying soil (i.e., the presence
of fractures and strata in the underlying material). In one
study (Ma89a), increasing pit depth from zero to 4 ft
increased the effective distance over which the measur-
able suction field extended, by factors ranging up to 10 in
four poor-communication basement houses in Tennessee.
These increases resulted from reduced acceleration pres-
sure losses, as predicted by a mathematical model of
suction field extension, and also from increases some-
times observed in the effective permeability of the sub-
slab soil/fill, presumably achieved through intersection of
fractures and strata.

In another study (Fo89, Fo92), in four poor-communica-
tion slab-on-grade houses in Florida, tests were made
with three different pit configurations (no pit, pit 10 in.
square by 12 in. deep, pit 15 in. square by 19 in. deep).
The results showed that the pits could increase measur-
able sub-slab depressurizations by up to 0.005 to 0.02 in.
WG at test holes 15 to 20 fi from the SSD suction pipe.
However, there was not a clear relationship between pit
size and the resulting increase in depressurization.

In a third study (Py90), the effects of a range of pit
dimensions were tested in four basement houses in Ten-
nessee having poor communication. In this study, wide,
shallow pits (28 in. square by 10 in. deep) provided better
sub-stab depressurizations in two houses (by 0.002 to
0.05 in. WG) at distances of 8 to 25 ft from the suction
pipe, than did narrow, deep pits (4 in. square by 30 in.
deep). In two other houses, pit sizes were increased from
zero {no pit) to, first, 10 in. square by 12 in. deep (10x 12
in.); then 1o 20 x 16 in.; and then to 24 x 18 inches. Sub-
stab depressurizations generally increased with increas-
ing pit size, with some important differences between the
two houses. In the first of these latter two houses, which
had better communication than did the other, the depres-
surizations were increased by 0.001 to 0.064 in, WG at
distances of 9 to 38 ft from the suction pipe, and increas-
ing the pit size above 20 x 16 in. did not provide signifi-
cant improvements. But in the second house, no increase
in pit size was able to make the measurable suction field
extend beyond 8 ft from the suction pipe; within that 8-ft
distance, the depressurization continued to increase dis-
tinctly with increasing pit size, even above 20 x 16
inches.

From the above results, it is apparent that pits can defi-
nitely be helpful in extending the suction field in houses
having poor sub-slab communication, consistent with
theory. The most cost-effective size for a pit will be site-
specific. Depending upon how low the sub-siab perme-
ability is, and depending upon whether fractures are
present in the sub-slab material, pits will not always serve
to extend the measurable suction field to distances sig-
nificantly greater than can be achieved without pits.
However, pits will usually increase the measurable de-
pressurization that is achieved within this distance.

d
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All three of the studies discussed -above focused on the
effect of pit size on measured sub-slab depressurizations,
not the effect of the pits on the actual radon reduction
performances of the SSD systems. Given the previous
observations that measurable depressurizatons every-
where under the slab are not always required for effective
radon reductions, the effect of the pits on radon reduc-
tions might have been better than their effect on the
depressurizations in some of the cases where depressur-

. izations were not significantly increased by the pits.

In practice, most mitigators excavate a sub-slab pit of 6 to
18 in. radius, the size that can be conveniently prepared
by reaching through the hole that has been drilled through
the slab for the soction pipe. From the standpoint of
reducing suction losses due to soil gas acceleration, cal-
culations indicate that there would be no significant ben-
efit in making the pit any larger than 12 to 18 in. (Br92),
The only potential benefit of a larger pit would be in-
creased possibility of intersecting permeable fissures or
strata,

Degree of slab sealing. Sealing of the wall/floor joint
and of other slab openings would generally be expected
to improve SSD performance, by improving the distribu-
tion of the suction field beneath the slab. Slab sealing
would also be expected to reduce the amount of house air
withdrawn by the system, thus reducing the house heating
and cooling penalty. A variety of generally anecdotal
measurements have been made by individual investiga-
tors regarding the effect of slab sealing on system perfor-
mance, usually in cases where some major opening (such
as an initially unclosed perimeter channel drain) appeared
to be degrading the performance of an existing SSD
system. The effects of such sealing would be expected to
be site-specific, depending upon such factors as the size
of the slab opening, the sub-siab communication, and the
proximity of the suction pipe to the opening.

Mitigation system operating variables

Fan capacity. The centrifugal in-line tubular fans cur-
rently being instailed in many residential mitigation sys-
tems typically range in size from approximately 50 watts
with 4-in. diameter couplings (capable of moving about
125 cfm at zero static pressure) 1o approximately 90 watts
with 6-in. couplings (capable of moving about 270 cfm at
Zero static pressure), Fans as small as 29 watts have been
used by some mitigators (Str91). In general, the 90-watt
fans will provide more effective treatment of entry routes
in a given house, lower indoor concentrations, and better
insurance against the system being temporarily over-
whelmed by weather effects or homeowner activities,
compared to the 50-watt fans; However, these larger fans
create a higher system operating cost, due o increased
power consumption and an increased heating/cooling
penalty resulting from withdrawal of a greater amount of
treated air out of the house.

Where a 90-watt in-line fan at full power is not necessary
to achieve the desired reductions, an operating cost sav-
ings of roughly $70 per year (He91b, HeQlc) might be



achieved by using a 50-watt fan, or by operating a 90-
watt fan at reduced power. But this reduction in operating
cost will essentially always be accompanied by an in-
crease in the residual radon levels in the house, even if
levels remain below 4 pCi/L. Therefore, it is recom-
mended that a safety factor be used in selecting the fan
size and operating conditions, rather than risking in-
creases in homeowner exposure by under-sizing the fan
in an effort to achieve relatively modest reductions in
operating cost.

The annual cost savings of $70 from switching to the
smaller fan translates into only 85 to 36 per month
savings in electricity and heating/cooling costs, a differ-
ential which many homeowners may not be able to distin-
guish within the normal monthly variations in their utility
bills, The reductions in the capital cost of the fan would
also be only modest, with the 90-watt fans currently
being no more than $10 more expensive than the 50-watt
fans (He91b, He91c). On a national scale, however, con-
sistent use of the larger fan will result in increased
pollutant release from electrical power plants and in-
creased consumption of natural resources (coal, oil and
gas). The trade off between reduced indoor radon levels
with the larger fan, on the one hand, vs. increased energy
costs, increased power generation requirements, and in-
creased resource consumption on the other hand, is a
decision that each individual mitigator and homeowner
will have to make for their individual situations.

Testing in both basement and slab-on-grade houses has
shown that the 90-watt centrifugal in-line fans can some-
times be operated at reduced power and still achieve
indoor levels of 4 pCi/l. and less, if communication is
good, if the source strength is not too high, and if the
house is not too large. However, even where there is good
aggregate, a reduction in fan power results in some
increase in radon levels, even though levels remain below
4 pCi/L. In one basement house in New Jersey (House 3)
having good communication and a 2-pipe 8SD system
(Dud0), a 90-watt fan reduced basement concentrations
from 180 pCi/L to 0.8-1.0 pCi/L. in two separate 6-day
measurements with the fan at full power; levels increased
10 1.8 to 2.3 pCi/l. in two 6-day measurements with the
fan reduced to 75% of full power, and to 3.7 to 4.6 pCi/L
in two several-day measurements with the fan reduced to
50%. In another good-communication basement house
having an adjoining paved crawl space (House 7 in
Dug0), with a S§D + BWD variation invoiving suction
on a baseboard duct over a perimeter channel drain, post-
mitigation levels in the basement increased from 0.3 pCi/
L to 2.7 pCifl. when the 90-watt fan was reduced from
fuil power to 50% of full power. (Pre-mitigation levels
were 34 pCi/L.)

In another study (Ma88) in three basement and basement-
plus-crawl-space houses having good communication and
two-pipe SSD systems (OR-15, -17, and -18), reduction
of a 90-watt fan to 25 to 50% of full flow resulted in only
limited increases, if any, in indoor radon levels. In one
basement-plus-slab-on-grade house in Washington state
having good communication and a one-pipe $SD system
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{House ESP113 in Pr87), living-area radon levels in-
creased from 4.3 to 5.0 pCi/l. when fan power was
reduced sufficiently to decrease the suction in the system
piping from 1.7 t0 0.8 in. WG, and the flows from 36 to
23 cfm.

The effect of reduced fan capacity was also tested in nine
slab-on-grade houses in Ohio having good sub-slab ag-
gregate (Fi90, He%1a). In most houses having two $SD

_ pipes, the effect of fan capacity was tested with both

pipes operating, and also with each pipe operating indi-
vidually. Where the system was reliably treating the
house with the fan at full power, decreasing the 90-watt
fan from full power to one-eighth of full power increased
indoor radon levels from an average of 1.1 pCi/L to an
average of 2.2 pCi/L (averaged over all houses). In three
of these cases, decreasing fan power did not increase
indoor levels. Only in cases where the SSD system was
marginal with the fan at full power, were indoor levels
increased above 4 pCy/L. when fan power was reduced.

Occasionaily, the 90-watt centrifugal in-line tubular fans
will not be adequate for a given SSD installation. Under
these circumstances, the question shifts from one of how
small the fan can be, to one of whether an even larger fan
{or muitiple fans) might be warranted.

1f the problem in a given installation is that system flows
are too high (so that the 90-watt fan cannot move encugh
air to develop adequate sub-siab depressurization), then a
higher-volume fan is needed. Higher-volume centrifugal
in-line fans that have most commonly been used include
100-watt units with either 6- or 8-in. couplings, capable
of moving up to 410 cfm at zero static pressure. (In-
creased volume can also be achieved by operating two
smaller fans in parallel; however, for a given total volu-
metric flow rate, a single larger fan will generally have
lower capital and operating costs than two smaller ones
having a combined volumetric flow capacity equal to that
of the one larger fan,) From a practical standpoint, SSD
systems in residential applications will not commonly
have this problem of the flows being too high. If flows are
so high that a 410-cfm fan appears t0 be needed, it is
likely that air is short-circuiting into the system some-
where, and the need is for some additional sealing rather
than for a larger fan.

More commoniy, the problem with SSD systems where
the 90-watt fan is inadequate will be that the 90-watt fan
is drawing very little flow. This will be the case when
sub-slab communication is poor. In poor-communication
cases, the typical 50- and 90-watt centrifugal tubular fans
operate at maximum suction and at low flows, at the
extreme end of their normat performance curve. Under
these conditions; some investigators have considered us-
ing high-suction, low-flow fans and blowers better de-
signed to operate at those conditions (EPA88b, FoS0,
Cra91). High-suction fans and blowers can generate from
perhaps 4 to more than 40 in. WG suction, compared to 1
0 2 in. WG maximum for the centrifugal in-line fans,
These high-suction units have the disadvantages of sig-
nificantly greater capital and operating costs; in addition,



units not manufactured specifically for radon mitigation
are commonly much more noisy. Several high-suctions
blower currently being marketed for radon reduction are
quiet, but have a higher capital cost (more than 3600,
compared to Iess than $100 for a 90-watt in-line fan) and
a higher power consumption {(generally greater than 150
watts) (Cra91, Ra92). Another disadvantage of some of
these blowers is that since their performance curve is
designed for low-flow operation, a relatively small in-
crease in flows (due, for example, to leaks that develop in
the system over time) could cause the fan to become
overwhelmed, losing its effectiveness.

High-suction regenerative blowers were tested in two
basement houses in New York, each having poor commu-
nication and pre-mitigation concentration basement con-
centrations of 21 pCi/L (Houses OP-01 and OP-09 in
Ni89). In each house, the blower drew on four SSD pipes
around each basement perimeter. In House OP-09, this
high-suction system reduced basement concentrations to
3.4 pCifl.. Butin OP-01, the regenerative blower reduced
basement levels to only 11 pCi/l.. By comparison, a
typical tubular fan drawing on a single, central SSD pipe
in House OP-01 provided only slightly poorer reductions,
10 14 pCi/L.. It was subsequently found thai the block
foundation wall was the primary entry route requiring
direct reatment in this particular house, and OP-(1 was
ultimately reduced below 4 pCi/L with a2 combined
SSD+BWD system. The regenerative blower was clearly
not much more able than the in-line fan to extend suction
to the points (perhaps outside the foundation) where soil
gas was entering the wall void network, despite the
location of suction pipes immediately beside the wall,

In testing on one of the poor-communication slab-on-
grade houses in Florida (Fo89), measurements were made
comparing the sub-slab depressurizations created by the
standard 90-watt centrifugal tobular fan (<2 in. WG}, and
by two different blowers capable of developing 2.3 and 6
in. WG static pressure. The results showed that the high-
suction blowers increased the sub-siab depressurization
at test holes (within about 15 ft of the suction hole) where
the in-line fan had generated measurable depressurization
to begin with. Sub-slab depressurization at these holes
was increased by an amount proportional to the increased
suction in the SSD pipe. However, the blowers did not
extend the measurable suction field to greater distances
than the in-line fan had provided. These tests did not
include measurements of the effects of the different fans/
blowers on the radon levels in the house.

One firm reports having tested a high-suction blower
(typically operating in the range of 4 to 14 in. WG) in 42
basement houses in New England having very poor
communi-cation, with packed sand and/or clay beneath
the slab, and with system flows of about 20 cfm (Cra91),
Indoor levels were reportedly reduced below 2 pCiy/L in
all of these houses, usually with only two suction pipes,
based upon short-term post-mitigation measurements,
Three-quarters of the houses were reportedly reduced
below 1 pCi/L. Pre-mitigation indoor concentrations av-
eraged about 20 pCi/L. The two suction pipes corre-
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sponded to about one pipe per 500 ft* of slab area, on the
average.

In summary, available data on the use of high-suction
fansfblowers are Hmited. In very poor-communication
houses with low flows, such blowers would be operating
more comfortably on their performance curve than would
the standard in-line fans, and they thus might have a
longer lifetime, However, at the present time, the limited

_ results are mixed regarding whether radon reduction per-

formance would be significantly improved by such blow-
ers.-It has not been demonstrated that such high-suction
fans/blowers will in fact consistently result in an exten-
sion of a sub-slab suction field to portions of the slab that
would not be reached by a standard 90-watt in-line cen-
trifugal fan, although some additional extension would
intuitively be expected. Accordingly. definitive guidance
cannot currently be given regarding under what condi-
tions such blowers would be worth the increased cost
{and sometimes increased noise) that they would entail.

Fan in suction vs. pressure. The case where the $5D
fan is reversed, so that it pressurizes the sub-slab region
with outdoor air rather than depressurizirig it, will be
addressed in Section 2.4,

Geology/climate variables

Source strength, “Source strength” refers to the amount
of radon which the underlying soil can supply to a house,
and depends upon both the radon concentration in the soil
gas and the rate at which the soil gas can move through
the soil. Most commoniy, a high source strength results
from a high radon concentration in the soil gas; in this
document, soil gas concentrations greater than 2,000 pCi/
L. will be referred 1o as “high.”

High source strengths necessitate more care in the design
of SSD systems, even where sub-stab communication is
good, because:

a) any soil gas entry route left untreated by the system
wil be potentially significant, in view of the concen-
tration of radon that can enter the house through that
opening; and

b) re-entrainment of the SSD system exhaust back into
the house can be more gignificant, in view of the
radon concentrations that will exist in the exhaust
(with re-entrainment of only 0.1% of the exhaust
being sufficient in worst-case houses (o create indoor
levels of 4 pCi/L. and greater) (Fi91).

Basement and slab-on-grade houses having high source
strengths have commonly demonstrated the greatest diffi-
culty in achieving post-mitigation indoor levels signifi-
cantly below 4 pCi/l. (Sc88, Fo89, Fi91, Fo92). Such
houses may have difficulty achieving near-ambient in-
door levels,

Permeability of underlying soil. In most cases, the
performance of a SSD system is determined by the com-



muynication within (the permeability of) the material im-
mediately below the slab, rather than that of the native
soil. The material below the slab will commonly be
gravel or crushed rock, or perhaps native soil that has
been disturbed during construction of the house; such
materials will generally have better permeability than the
undisturbed native soil. If the native soil is relatively
impermeable but the material directly under the slab is
fairly permeable, good SSD performance is commonly
achieved (e.g., Fi90).

However, the permeability of the native soil can be
important in some cases. Soils having moderate perme-
ability might aid the SSD system in treating entry routes
associated with block foundation walls, either through
extension of the sub-slab suction field under footings to
the exterior face of the wall, or through dilution of the soil
gas with ambient air drawn through down the soil. This

statement is based on the observation that a BWD compo-

nent has more commonly seemed to be needed, in addi-
tion to or instead of SSD, when the sub-slab communica-
tion has been very poor (Ni89, Py90, Fi91).

Where the permeability of the native soil is relatively
high, SSD performance can suffer, apparently because
outdoor air flowing down through the soil and into the
system can interfere with the extension of the suction
field. This problem was encountered in basement houses
built on glacially deposited, excessively drained sandy
and gravelly soils in the Spokane River Valley (Tu87). In
3 of these houses where both pressurization and depres-
surization of the sub-slab were tested, reversing the fan to
pressurize the sub-slab (an approach which depends upon
the ability to maintain high flows through the system)
was consistently found to provide better radon reductions
than did SSD (which is better able to maintain adequate
suction fields in cases where flows are moderate to low).
Similar results were observed in 1 house built on a very
well-drained gravel soil in New York (KnY0}.

Another way of stating the above observation is that at
least two mechanisms are contributing to SSD perfor-
mance, as discussed earlier; s0il depressurization and soil
gas dilution. With relatively tight native soils, soil de-
pressurization is likely the more important of the two
mechanisms, and SSD is the technigue of choice. But
with highly permeable native soils, high air flows are
established through the soil; soil gas dilution becomes the
predominant mechanism, and mainténance of a sub-slab
suction field becomes more difficult, with the result that
active soil pressurization may become the technique of
choice. '

Climatic conditions. Weather conditions can influence
the performance of SSD) systeins in several ways.

a) Cold temperatures will increase the depressurization
created by the thermal stack effect on the lower level
of the house, depending upon the height of the house
and the temperature difference between indoors and
outdoors. This depressurization will increase the driv-
ing force for radon entry, and will give the SSD
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system a greater indoor depressurization to overcome.
Basement depressurization in a two-story house cre-
ated by the stack effect during cold weather would be
approximately 0.015 in. WG (Sau89).

If sub-siab depressurizations being created by a SSD
system were being measured during mild weather
with ¢xhaust appliances off, the conservative rule of
thumb would thus be that the system should be de-
signed to maintain a depressurization of at ieast 0.015
in. WG everywhere to avoid being overwhelmed by
the stack effect when cold weather arrives, In addi-
tion, to avoid being overwheimed by the incremental
basement depressurization created when exhaust ap-
pliances are turned on during cold weather, the SSD
system should nominally maintain an additional sub-
stab depressurization of up to 0.01 to 0.02 in. WG, as
discussed previously in Section 2.3.1b. Thus, ideally,
sub-slab depressurizations measured during mild
weather with appliances off-should total about 0.025
to 0.035 in. WG everywhere in order to ensure that the
system will never be overwheimed during cold weather
with the appliances on.

But as re-iterated several places in this document, this
target depressurization is usually a very conservative
design goal. Commonly, sub-slab depressurizations
much less than these ideal targets will still provide
satisfactory SSD performance. Thus, an expensive
upgrade of a SSD systern in an attempt to achieve
these high depressurizations is often unnecessary,
However, where the SSD system can reasonably be
designed to achieve such depressurizations, it is prob-
ably advisable to do so.

Furthermore, this conservative maximum basement
depressurization of 0.025.t0 0.035 in. WG due to
thermal and appliance effects is thought to be high for -
many cases. Houses which are in milder climates,
which are leaky, or which do not have some of the
major depressurizing appliances (e.g., ciothes driers,
whole house fans, central furnace fans) will encounter
lower worst-case basement depressurizations, In addi-
tion, the upper end of the range assumes that the major
depressurizing appliances are operating during the
coldest weather; among these appliances, whole-house
and attic fans will in fact not be operated in cold
weather, and clothes driers will be operated only
intermittently, Combustion appliances in the base-
ment would backdraft if depressurizations as great as
0,035 in, WG were actually maintained for any ex-
tended period. But although this basement depressur-
ization range may be conservatively high for many
houses, it is used throughout this document as a
reasonable, conservative design tool which can be
useful as long as it is properly understood,

‘Where an aggregate Iayer exists beneath the slab, SSD
systems can commonly achieve sufficient sub-slab -
depressurizations to compensate for the worst-case
stack effect and exhaust appliance effects with one or
two suction pipes (e.g., Gi90, Mes90a, Fi91). Where



b)

)

d)

sub-siab communication is not good, more suction
pipes, and more careful placement of the pipes, would
be necessary to achieve 0.025 to 0.035 in. WG.

Where slab pressure measurements are made during
cold weather with exhaust appliances on—i.e., with
the system experiencing its worst-case challenge—
any measurable sub-slab depressurization should be
sufficient (0.001 to 0.002 in. WG).

Winds blowing against a house will create negative
pressutes across the house shell on the downwind side
at the roof, and will create positive pressures on the
upwind side. The net effect of these pressure changes
on $8D system performance will vary from house to
house, depending upon where the major openings
through the house shell are, and where the major soil
gas entry rouies are. Data on wind speeds and direc-
tions around mitigated houses have been collected in
only a few studies (Tu87, Ma88, Tu88a, Dud0, Tu%1b).
The data from these studies has not been fully ana-
lyzed. From the analysis to date, no generally appli-
cable, unambiguous effect of wind velocity has been
demonstrated.

Decreases in barometric presstire sometimes appear to
create significant shori-term spikes in indoor radon
levels and brief degradations of SSD performance. In

two slab-on-grade houses in New Mexico (Tu%1b), .

decreases in barometric pressure were found to con-
sistently cause spikes to 10 to 20 pCi/L, where the
S8D system was otherwise maintaining levels below
2 to 4 pCi/L. This barometric pressure effect appeared
to be independent of other weather-related variables
often associated with barometric pressure changes,
namely, winds and precipitation. Similarly, others
have reported that indoor radon concentrations com-
monly spike when barometric pressure falls (K192).
The probable mechanism responsible for this baro-
metric effect is that the indoor pressure decreases
rapidly in conjunction with the drop in barometric
pressure, while the soil gas pressure decreases more
slowly. This lag in equilibration of the soil gas pres-
sure results in a temporary increase in the house
depressurization relative to the soil, increasing the
driving force dramatically (by an amount potentially
on the order of inches of water) and overwhelming the
SSD system.

Precipitation, in the form of rain or snow, might
influence SSD performance via two different mecha-
nisms.

In the first mechanism, the resuiting cap of snow or
waier-saturated soil at grade level can divert soil gas
toward the foundation which would otherwise escape
to the outdoor air remote from the house. As one
example of how this might create a problem, this
diverted soil gas might result in increased entry via
the exterior face of a block foundation wall which is
not being treated by the SSD system. In this hypo-
thetical case, failure of the system to treat the exterior

face might not be a problem when the soil gas is not
thus diverted by the cap. Another possible way of
viewing this could be that the moisture cap on the
surface could be blocking the flow of ambient air
down through the soil into the SSD system, thus
reducing the benefits of the soil gas dilation and air-
barrier shielding mechanisms postufated at the begin-
ning of Section 2.1

In the second mechanism by which precipitation might
affect SSD performance, moisture in the fill under the
siab could reduce the communication within the fill,
possibly reducing performance (unless the moisture
also blocks radon entry). Such changes in sub-slab
communication with precipitation have been reported
in Florida (Fo90), although the actual effects on SSD
performance have not been closely studied.

Of the investigators who have measured precipitation
as part of mitigation projects (Tu87, Ma88, Tu89,
Du90, Tu91b), those reporting results to date gener-
ally indicate no discemible effect of precipitation on
$8D performance (Tu89, Du90). However, more de-
finitive data are needed.

) Mit:igation system durability
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A number of investigators have made measurements
around SSD systems, installed either as parts of a R, D&D
project or as a commercial installation, in order to assess
how well the systems were performing 1 to 4 years
following installation (NiB9, Pr89, Du91, Fi90, Fi9l,
Gad91, Ha91). These studies have addressed both the
radon concentrations being maintained in the houses, and
the reasons for any observed degradation in performance
(decreases in system suctions and flows, hardware fail-
ure, or homeowner intervention),

» Radon reduction performance. In general, except

where a SSD fan failed or where the system was turned
off by the homeowner, systems that were installed as part
of a R,D&D project have maintained fairly consistent
indoor radon concentrations over the 1- to 4-year periods
covered by the various studies.

One of the largest and longest-term durability studies
(Fi91) has addressed 38 basement houses in eastern Penn-
sylvania having very high pre-mitigation concentrations,
where systems were installed under an EPA project dur-
ing the period 1985-87 (Sc8R). Twenty of these houses
had SSD systems {one with a BWD component), Winter-
quarter alpha-track detector measurements in the base-
ments and living areas were compared for the winters of
1986-87, 1987-88, and 1988-89 (5¢c89, Sc90b). In 7 of the
20 SSD houses, the 1988-89 winter-quarter reading was
greater than the average over all three winters by 1.0 pCi/
L or more, suggesting a possible degradation in system
performance over the two to four years since installation.
The value of 1.0 pCi/L represents the estimated 95%
confidence interval in the measurements, considering
both the alpha-track measurement uncertainty and the
natural radon variations in the house. Testing indicated



that, in four of the seven houses varying by mere than 1.0
pCi/L, the increase was likely due to variations in re-
entrainment of the SSDr exhaust (containing up to 8,000
pCi/L), or in radon released from well water. In a fifth
house, the increase was demonstrated to be due to a
dramatic increase in radon entry through an opening
through the poured concrete foundation wali, well above
the slab; basement concentrations were reduced to 2 pCi/
L by closing that wall opening. In only two of the seven
houses could the increase not be explained by one of the
factors above. In these two, 1988-89 readings varied from
the three-winter average by 1.0 and 1.3 pCi/L, respec-
tively. In view of the conservative nature of the + 1.0 pCi/
L confidence interval, and in view of the small absolute
variation in concentrations over the three winters, it is not
clear that the observed increases in fact represent any real
system degradation. Measurements of system piping flows/
suctions, and of sub-slab depressurizations, confirm that
in none of these cases were the radon increases due to
redaced fan performance, or to failure to adequately
depressurize the sub-siab,

In summary, it was concluded from the Pennsylvania
testing that, overall, none of the SSD systems have expe-
rienced any significant degradation over the years in their
ability to treat the radon entry routes, cxcept in cases
where the fan failed (discussed later) or where the home-
owner tumed the system off.

In another study (Ha91, Gad9l), three- to six-month
alpha-track detector measurements were made in ten
basement houses in New Jersey over a 2-year period,
after SSD systems had been installed as part of an earlier
R.D&D project (Tu89, Du90). In none of the houses did
there appear to be any significant deterioration in radon
levels in the house, except in two cases where the home-
owner turned off the fan. (Two of the houses did show
seasonal variations in radon levels.)

In a third study (Du91), continuous radon measurements
were conducted for a year or more in four basement
houses in the Tennessee Valley having SSD systems (two
having SMD components) installed under a R.D&D
project (Ma88, Ma&9a, Ma8%b). While radon measure-
ments did increase slightly in all four houses over the
year, in no case was the increase greater than 0.9 pCi/L
(with the average increase being 0.5 pCi/L}, and in no

case did the indoor levels exceed 2.7 pCi/L. No clear

degradation of system performance is apparent.

In 10 houses in Ohio having SSD systems (Fi90), quar-
terly alpha-track measurements conducted over a 1-year
period generally remained in the range of I to 2 pCi/L
and less, with no quarter-to-quarter deterioration appar-
ent over the year. No seasonal variation was apparent.

In an earlier study (Ni89), 14 New York houses which
had received radon mitigation systems as part of a 1984
project (Ni85) were re-visited in 1986-87 to assess the
long-term effectiveness of these early instailations. Of
the six basement houses having SSD systems, radon
levels appeared to have increased by 4 to 20 pCi/L in two
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of the six, and marginally (by 1 to 3 pCifL) in three
others, The increases resulted from condensate plugging
the exhaust piping in one house, partial blockage of the
grade-level exhaust pipe in two others, and radon leakage
out of the pressure side of the fan (which was inside the
basement) in one or two others. These problems reflect
the fact that these SSD installations were some of the first
in the U.S., and were among those contributing to the
understanding that now exists regarding sloping exhaust

_ piping to avoid condensate accumulation, and avoiding

fans inside the house.

While some preliminary measurements have been made
to assess the durability of SSD systems installed by
private mitigators (Ha91, Gad91), definitive resulis are
not yet available.

System suctions and flows. System suctions and flows
have remained relatively steady over time in those dura-
bility test projects where those data have been reported
(Pr89, Fi91). In the SSD installations in Pennsylvania
(Fi%1), system conditions remained remarkably steady
over the two to four years that the systerns had been
operating, except when the fan failed. It was found that,
when the capacitor in the fan circuitry fails, the fan can
continue to operate for an extended period at dramatically
reduced suction and flow, as discussed later.

Sub-slab depressurizations. In four basement houses
in the Tennessee Valley (Du9l), sub-slab depressuriza-
tions showed no discernible change over the course of a
year, when the mitigation systems were operating nor-
mally. In 20 Pennsyivania houses having SSD systems
(Fi91), sub-slab depressurizations remained generally high
after 2 to 4 years of operation,

» Egquipment durability. Of the 20 fans operating since

1985-87 on SSD systems in the Pennsylvania project,
four have failed to date, all due to failure of the capacitor
in the fan circuitry (Fi91). All 20 of these fans are 90-watt
centrifugal in-line tubular fans from one vendor. Of the
14 SSD installations in New Jersey (Tu89, Du90), three
90-watt tubular fans have failed since 1986-87, two due
to capacitor failure and one due to bearing failure (Ha91,
Gad91). One private mitigator who has installed approxi-
mately 100 fans of the same type that is in the Pennsylva-
nia study houses, estimates that ronghly 10 failures have
occurred over the past 5 years, about one-third due to
capacitors ard two-thirds due to bearings (MesS0b). The
vendor of these particular fans has indicated that, at least
in the earlier models, the capacitors installed in the fans
had a rated operating lifetime of 40,000 hours (about 4.5
years of continuous operation), in which case additional
failores can be expected in the near future as these
installations age. Depending upon the brand of fan, ca-
pacitors can often be replaced relatively easily.

When the capacitor fails, the fan will commonly stop
operating after a relatively short time because the coils in
the motor will burn out. However, in one case (Fi91), the
fan continued to operate at dramatically reduced power
for a year or more after the capacitor failed. Due o the



drop in fan performance, radon levels in the house in-

creased significantly (from 1.9 to 8.8 pCi/L in the base-

ment, compared to pre-mitigation values of 148 pCi/L).

Yet, because the fan was running, it would have sounded

to the homeowner as if it were operating normally. This

result underscores the need for an flow- or suction-
" actuated alarm or indicator on 88D systems.

If power to the fan is interrupted after the capacitor fails,
the fan will not re-start when power is restored.

« Homeowner intervention. Homeowners have occa-
sionally turned SSD systems off, commonty due to fan
noise, or in an effort to reduce the cost of electricity when
windows are open during mild weather (Fi91, Ha91),
Fans have been turned off when the owners were away. In
two instances, the fans were tummed off because the speed
controller on the fan created radio interference (Fi%0,
Ha%1). Fans were recorded as having been turned off in
eight of the 38 study houses in Pennsylvania (Fi91), and
in two of the eight houoses tested during the durability
testing in New Jersey (Ha91).

With the centrifugal tubular fans commonly used in SSD
systems, fan noise can be largely eliminated if the fan is
mounted properly with flexible couplings, to avoid vibra-
tion in the exhaust piping and the house structural mem-
bers.

Turning the fan off when windows are open during mild
weather should be discouraged, since it is generally im-
practical to ensure that the fan is consistently turned back
on when windows are closed. Ahnual alpha-track mea-
surements in the Pennsylvania study houses {Sc90b),
where pre-mitigation levels were very high, showed that
the open windows did not generally compensate for the
system being off. The result was that annual average
levels in houses with the fans off during the summer,
were usually greater than the winter-quarter values in
these same houses, since the systems were usually left on
all winter,

There is usually no problem with fans being turned off
while the house is unoccupied, as long as the fans are
consistently tarned back on when the owners return.

In those insiances where radio interference occurs due to
the speed controller, options include a} re-locating the
controller in a manner to shorten and re-locate the wire
between the controller and the fan, thus modifying the
source of the interference; b) using a more expensive
controller; or ¢) eliminating the controller, operating the
fan at full power.

2.3.2 Active Sump/Drain-Tile
Depressurization

Active sump/DTD is probably the second most used variation
of the ASD technology, after SSD. Sump/DTD is likely the
most common system installed in houses having a sump
connected to drain tiles, (As discussed in Sections 2.1.2 and
2.2.2, §5D can sometimes be selected rather than sump/DTD

even when a sump with tiles is present,) While the exact count
is uncertain, sump/DTD systems have likely been instatled in
thousands of houses.

As with SSD systems, sump/DTD systems have commonly
provided radon reductions of 80 to 99%. Exceptions have
generally occurred primarily in cases where poor sub-siab
communication is combined with other problems, such as an
incompiete drain tile loop and a high source strength. The
highest percentage reductions are obtained when the pre-
mitigation level is highly elevated. In some cases where the
basement house had an adjoining siab-on-grade or crawl-
space wing, the sump/DTD system had to be combined with a
SSD or SMD component treating the adjoining wing.

The EPA research program has tested sump/DTD in a total of
16 basement houses, sometimes in conjunction with SSD or
SMD treating an adjoining slab-on-grade or crawl-space wing
(He87, Mi87, Sc88, Fi89, Ni&9, Du90, Gi90, Mes90a). These
houses had pre-mitigation concentrations ranging from about
10 pCi/L to greater than 2,000 pCi/L. In all 16 houses, an
interior loop of tiles (inside the footings) drained into the
sump, although some houses (Mi87) reportedly had exterior
loops also; none of the sumps had only exterior tiles. All but 1
of these 16 houses were reduced below 4 pCi/L; 11 were
reduced below 2 pCi/L, and 7 (more than 40%) were reduced
below 1 pCi/L.

All seven of the houses reduced below 1 pCi/l. were in the
Washington, D. C., area (Gi90, Mes90a), where achieving
such Jow concentrations has generally proven to be easier than
in many other parts of the country. The readings below 1 pCi/
L have been confirmed by annual alpha-track measurements
in five of the seven houses. The sub-slab communication was
good in all seven houses, and pre-mitigation concentrations
were generally below 10-20 pCi/L.

The one house which was not reduced below 4 pCi/L. was
House C32D in MiB7, which remained elevated (with post-
mitigation readings of 5-13 pCi/L) even though the sump/
DTD system was creating a very effective depressurization
(over 0.1 in. 'WG) everywhere beneath the basement siab
(Br92). This house probably remained elevated for two rea-
sons,

- The house had an extremely high source strength, with
one pre-mitigation measurement as high as 1,357 pCi/
L. As discussed previously,

--a high source strength increases the significance of
_any entry route Ieft untreated by the system. Al-
though the slab was effectively depressurized, it is
believed that the sump/DTD system was not ad-
equately preventing the flow of very high-radon
soil gas via the block wall cavities.
-~ a high source strength means that any re-entrain-
ment of system exhaust will present an increased
problem, since radon levels in the exhaust will also
likely be very high. Re-entrainment had been an
egarly problem in this house, and some reduced re-
entrainment may have been continuing even after
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initial modifications had been made to the system to
take care of this problem.

- The house had an adjoining crawl-space wing which
was not treated.

All four of the houses which were reduced below 4 but not
below 2 pCi/l. were among the earlier houses tested in the
EPA program, and most of them offered various complica-
tions. Two of them (Houses C30A and C39A in Mi87) had
extremely high source strengths, and had adjoining slabs on
grade which might not have been being adequately depressur-
ized by the SS8D component treating the slab-on-grade wing.
Another house (House AR-20 in Ni89) had an unclosed
perimeter channel drain at the time that the post-mitigation
reading of 2.3 pCi/L was obtained, and showed a notable
degradation in system performance a year later when the
meastrement was repeated with the perimeter channel drain
closed, casting some doubt on the final results.

in summary, sump/DTD with interior drain tile loops appears
consistently able to reduce even high-level basement houses
w 4 pCi/L and less, except in instances where there is a
combination of difficulties such as high source strength and
untreated adjoining wings. Incomplete drain tile loops com-
bined with poor sub-slab communication might also be ex-
pected to present a problem. Where communication is reason-
ably good, sump/DTD with interior tiles will likely achieve 2
pCy/L and less in the large majority of cases,

The EPA data base does not include testing in houses where
an exterior loop (outside the footings) drains into the sump.
However, as discussed later, mitigators in some regions of the
country have reporied extensive experience with such systems
{K192).

The post-mitigation measurements reported for these 16 houses
represent a range of measurement methods and durations.
Some of these measurements are from annual alpha-track
measurements, while others are from 4-day to 2-week con-
tinuous radon monitor readings. However, it is clear that,
overall, the sump/DTD systems are being very effective.

The positive experience under the EPA R, D&D program with
sump/DTD systems having interior tiles, is generally reflected
in the experience of other investigators and of commercial
mitigators.

Radon reductions of 70 to 95% were reported with four early
sump/DTD installations in basement houses in New York
(Ni83). Three of these houses were reduced below 4 pCi/L in
the basement, one of them below 2 pCi/L.. These reductions
were achieved despite a variety of complications, including a)
two of the basements had adjoining crawl spaces (which were
~ egither activély or passively ventilated as part of the mitigation
effort); b) one of the houses (with a crawl space) had only a
partial exterior drain tile loop, which would generally be
expected to give poorer performance than interior loops; and
¢) the 24-watt fans used were much smaller than the 90-watt
units commonly used today. All four houses had pebble
aggregate under the slab (Br92). In addition to the one house
having an partial exterior loop, two of the other houses had a

complete interior loop (Br92). The nature and extent of the
tiles in the other house were not reported.

Active sump/DTD systems were instalied in a number of
block basement houses as part of remedial work in several
mining communities in Canada (Ar82). Radon reductions of
60 to 80% were reported for these early installations. Some of
the key details regarding these installations were not reporied,
such as the nature and extent of the drain tile loops, and the
natare of the sub-slab communication, In addition, other steps
{such as source removal) were commonly implemented in
conjunction with the DTD, so that the effects of the DTD
system alone cannot always be separated out.

Numerous commercial mitigators have reported installing
large numbers of sump/DTD systems in cases where the drain
tiles form interior loops, inside the footings (e.g., Mes91,
Bro92). The performance of these systems is reported to be
generally high, although comprehensive performance data for
all of these installations are not available.

Mitigators working in some regions of the country, such as the
eastern slopes of the Rocky Mountains, have reported exten-
sive experience with sump/DTD systems in cases where the
tiles which drain into the sump are outside the footings
(K192). These systems have been reported to give consistently
good performance when the exterior tiles form a complete
loop around full basements. The underlying soil in these
houses is commonly decomposed granite, a gravel/clay mix
with a permeability that is variable, but sometimes relatively
high. There is often no imported crushed rock placed under
these basement slabs, with the native decomposed granite
having been used in lieu of crushed rock. The good perfor-
mance of these exterior-loop systems, despite the absence of
crushed rock, may be due in some cases to the relatively good
permeability which sometimes exists in the native soil,

The following discussion summarizes the results to date with
sump/DTD systems, addressing each of the house, mitigation
system, and geology/climate variables that can influence sys-
tem design, operation, and performance. In many cases, the
effects of the variables on sump/DTD systems are similar to
the effects discussed for SSD systems in Section 2.3.1; in
those cases, the discussion here is abbreviated.

a) House design variables

« Sub-slab communication. Among the EPA study
houses where communication was known to be good (13
of the 16 houses), sump/DTD reduced levels below 4
pCi/L in all but one case. That one case was House C32D
in Mi87, where a very high source strength and an
adjoining wing were complications. In 10 of these 13
good-communication houses, levels fell below 2 pCi/L.
Even in the one EPA study house where the communica-
tion was reported to be marginal (House AR-16 in Ni89),
levels were reduced to below 2 pCi/L. In the two EPA
study houses where the communication was not reported
(MiBY), levels were reduced below 4 pCi/L, despite high
source strengths. In the four sump/DTD installations
reported in Ni83, all of which involved good communica-
tion, levels were reduced below 4 pCi/L by three of them,
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despite the use of low-power (24-watt) fans and, in some
cases, incomplete loops and untreated adjoining wings. In
all of these houses (except for one or two in Reference
Ni&5), the drain tiles were inside the footings.

Where sub-slab communication is good and where the
tiles are inside the footings, mitigators report routinely
achieving concentrations weil below 4 pCi/L. with sump/
DTD (Mes91, Bro92).

Thus, when the tiles are inside the footings, sump/DTD
consistently gives good performance when communica-
tion is good {ScB8, Fi9, Nig9, Dud0, Gi90, Mes9la,
Mes91, Bro%2). Even where communication is marginal,
sump/DTD might be expected to give reasonable perfor-
mance with interior tiles (Ni89). The drain tiles would be
distributing the suction near the major entry routes (the
perimeter wall/floor joint and the base of the block foun-
dation walls). Sump/DTD systems with interior tiles are
most likely to be inadequate as stand-alone methods
when there is a combination of complications, including
poor sub-slab communication, an incomplete tile loop, a
high source strength, and/or an untreated adjoining wing
which is an important radon source. But even in those
cases, sump/DTD could still be an important component
of any system that is installed.

As indicated earlier, good radon reductions have been
reported in basements having no sub-slab crushed rock
and with exterior drain tiles, when the tiles form a nearly
complete loop around the house (K192). At least in some
cases, relatively good permeability in the urderlying
decomposed granite may be contributing to this effective-
ness. ‘

Extent of drain tile loop. Since most of EPA’s study
houses and many of the commercially-mitigated houses
appear to have nearly complete interior drain tile loops,
there are not sufficient data to quantify the effects of this
variable. Where there is good communication and where
the drain tiles are inside the footings, it will probably not
be so important that a complete loop be present, Where
the communication is poor, or when the tiles are outside
the footings as in Colorado (K192), the need for 2 com-
plete loop will likely be more important, to ensure that
suction reaches the entire perimeter, The effect of incom-
piete exterior loops is discussed in Section 2,3.3a, in
connection with drain tifes that discharge remote from the
house.

Nature of foundation wall. Where sub-slab communi-
cation is reasonably good, the nature of the foundation
wall (block vs. poured concrete) does not appear to make

_any difference on sump/DTD performance. Of the 11
EPA study houses reduced below 2 pCi/L. by sump/DTD,
and of the 7 reduced below 1 pCi/L., more than half had
block foundations, However, the data are too limited to
determine whether block foundations become more of a
problem when communication is poor.

Of the five EPA study houses not reduced to 2 pCi/L. or
less, four had block foundations; however, as indicated

30

earlier, some of these had other complications which may
have been playing more of a role than was the block wail,
such as very high source strengths and inadequately-
treated adjoining wings. In the one house which was not
reduced below 4 pCi/L (House C32D in Mi87), post-
mitigation diagnostics suggested that the block founda-
tion walls were apparently still a radon source, despite
excellent depressurization of the sub-slab by the sump/
DTD system (Br92); but again, the continued importance

. of the block walls was likely due to the unusually high

source strength under this house. The one house with
marginal communication that was reduced below 2 pCi/L.
(Ni89) did happen to have a poured concrete wall.

In summary, sump/DTD with complete interior drain tile
loops would generally be expected to do a fairly good job
at treating block foundation walls. The suction is being
distributed around the entire perimeter of the wall at its
base, thus potentially preventing soil gas from entering
the void network inside the wall. However, where poten-
tially complicating factors exist, such as a high source
strength (or perhaps such as poor sub-slab communica-
tion and an incomplete tile loop), the limited data suggest
that the presence of a block wall rather than a poured
concrete wall may increase the chances that system per-
formance will be reduced.

« House size. One of the EPA study houses had a base-

ment floor slab larger than 2,000 ft*, and was reduced
below 2 pCi/L. with the sump/DTD system (Fi89). This
house had a complete interior drain tile loop and aggre-
gate beneath the slab, With the drain tiles aiding in
distribution of the suction, it would be expected that
sump/DTD should be able to treat fairly large slabs, This
would especially be true when the tile loop is complete
and/or where there is good sub-slab communication.

« Adjoining wings, The one study directly addressing the

need to treat adjoining wings in basement houses (Mes90a)
found that, with either a SSD or a sump/DTD system in
the basement, the need to treat the adjoining slab on grade
or crawl space was greatest when a) the adjoining wing
provides important entry routes; and b) communication
beneath the basement slab is poor. Five of EPA’s 16
sump/DTD study houses were not reduced to 2 pCi/L or
less; of these, 4 had adjoining wings which were poten-
tially important sources, in view of the source strengths in
those studies (Mi87, Sc88). In one of those cases (House
C32D in Mi87), the adjoining wing was not being treat
at all, :

In some cases where the drain tiles are outside the foot-
ings, these tiles have sometimes been observed to extend
around the slab-on-grade wing as well as the basement in
split-level houses (X192). In such cases, sump/DTD would
have an increased likelihood of treating both wings effec-
tively. (It should be noted that, when there are interior
tiles leading to the basement sump, it is much less likely
that these tiles will extend around the adjoining slab on
grade.)
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b)

c)

d)

Sub-siab obstructions. No data are available on the
ability of sump/DTD systems to deal with sub-slab ob-
structions, such as interior footings or forced-air ducts. If
the tiles draining into the sump are interior tiles, then,
unfess the obstructions interrupt the tiles, it would be
anticipated that the sump/DTD system would likely do a
better job than SSD in distributing the suction field
around these obstructions. If the tiles are exterior tiles,
and especially if the obstruction is an interior footing
supporting a load-bearing wall penetrating the slab, or is
otherwise an interior entry route, it would be anticipated
that the obstruction would have a greater likelthood of
degrading sump/ DTD performance.

House operating variables

Operation of central furnace fan, and exhaust
Jans. See comments in Section 2.3.1b, regarding the
effect of these variables on SSD systems.

Mitigation system design variables

Size of suction pipe. Active sump/DTD systems gener-
ally have system flows toward the upper end of the range
observed for SSD systems. Because the drain tiles facili-
tate air collection from around the entire perimeter, flows
are generally greater than 50 cfm, and are often greater
than 100 cfm, with the 90-watt fans. At these flows,
mitigators will probably often find that pipe diameters of
at least 4 in. will be desirable to limit the suction loss and
pipe flow noise.

Degree of slab sealing. No data have been reported
quantifying the effect of slab sealing on sump/DTD per-
formance. Since the drain tile loop enables the system to
effectively draw air from arcund the entire perimeter, it
would be expected that caulking the wall/floor joint,
wherever accessible, might significantly reduce the amount
of air entrained by the system, if the joint is more than a
hairline crack. Such reduced entrainment would reduce
the heating/cooling penalty, i not improve system per-
formance.

Mitigation system operating variables

Fan capacity. Except possibly for a few of the earliest
instaliations, all 16 of the sump/DTD systems installed
under the EPA program have used 90-watt centrifugal in-
line wbular fans with 6-in. couplings, operating at full
capacity. Some mitigators report that, where communica-
tion is good, good radon reductions can be achieved with
smaller fans (e.g., 50-watt fans with 5-in. couplings),
despite the lower flows and suctions with those fans

(Mes91).

Data have not been reported quantifying the effect of fan
capacity on system performance. Because of the higher
flows sometimes observed from sump/DTD systems, use
of smaller, Jower-flow fans might sometimes reduce the
radon reduction performance of the system,

€)
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It would not generally be expected that higher-flow fans,
larger than the 90-watt fans {capabie of moving up to 270
cfm at zero static pressure), would be needed on residen-

tial sump/DTD systems. Flows too great to be handled by

the 90-watt fans would vsually be suggesting that air was
short-circuiting into the system.

Fan in suction vs. pressure, See Section 2.4. No data
have been found where a system has been instalied o

.. pressurize a sump/drain tile network. Soils so poorly

drained that a sump is necessary in the house, will prob-
ably not be sufficiently permeable to warrant sump/drain
tile pressurization rather than depressurization.

However, cases may occasionally be encountered where
a sump has been installed in a house built on a highly
permeable native soil, because of a particular builder’s
standard procedures or because of code requirements in
the region. In such cases, sump pressurization might be
considered.

Geology/climate variables

Source strength. As with SSD systems (Section 2,3.1e),
sump/DTD systems installed in houses having high source
strengths have demonstrated the greatest difficulty in
achieving post-mitigation indoor levels of 2 pCi/L. and
less (Mi87).

Permeability of the underlying soil. See the discus-
sion conceming SSD systems (Section 2.3.1e). Although
the data base with sump/DTD systems is limited, it might
be expected that, with the drain tiles located immediately
beside the foundation walls, these systems might some-
times be better able than SSD systems to treat entry
routes associated with block foundation walls, when the
permeability of the underiying soil is poor. When the
drain tiles are outside the footings, as commonly reported
in Colorado (K192), relatively good permeability in the
underlying soil may be among the factors that can con-
tribute to extension of the suction field beneath the foot-
ings and beneath the slab (which, in that part of the
country, is commeonly poured on the native soil with no
crushed rock).

Climatic conditions. Although less data are available
for sump/DTD systems than for SSD systems regarding
the effects of climatic variables, the SSD results dis-
cussed in Section 2.3.1e would be expected to be gener-
ally applicable to sump/DTD systems as well,

Mitigation system durability

Radon reduction performance. Of the 38 EPA miti-
gation installations in eastern Pennsylvania which have
been monitored since 1985-87 (Fi91), one (House 29)
involved sump/DTD with interior tiles. Winter-quarter
alpha-track detector measurements in that house over the
3 years following instailation remained very steady, with
no one winter’s reading varying from the three-winter
average (1.9 pCi/L) by more than = 0.5 pCi/L.



In another study (Gad91), 4- to 6-month alpha-track
measurements were repeated over a 2-year period in one
house in New Jersey having a sump/DTD system (House
4 from Du90). Concentrations in the basement remained
steady between 2 and 3 pCi/L during all five measure-
ment periods.

In two houses in Ohio having sump/DTD systems (FiS(0),
quarterly alpha-track measurements over a 1-year period
generally remained steady between 1 and 2 pCi/L. in the
basement, except during one quarter in one of the houses
when the fan failed due to improper mounting.

During the vear following installation of five sump/DTD
systems in Maryland (Mes90a), annnal alpha-track mea-
surements were conducted (Mes90c). All five houses
remained at 1 pCi/L. and less over the year.

« System suctions and flows. System suctions and flows
remained steady over the 3 years since instailation, in the
one sump/DTD instaliation among the 38 systems that
have been monitored in Pennsylvania (Fi91).

»  Sub-slab depressurizations. In the one Pennsylvania
house (Fi91), sub-stab depressurizations remained very
high (0.64-0.69 in. WG) in the 3 years since installation,

» Eguipment durability, Nine of the 16 EPA sump/DTD
installations were monitored for a year or more following
installation, Only one of the nine fans failed, a wall-
mounted unit in Chio (Fi90). That failure was the resuit
of improper mounting, rather than to an inherent problem
with the fan,

« Homeowner intervention. No cases of homeowner
intervention were reported for EPA’s sump/DTD instal-
lations.

In general, the frequency of such intervention for sump/
DTD systems would be expected to be somewhat greater
than that discussed in Section 2.3.1e in connection with
SSD systems. The owner or service personnel will occa-
sionally have to remove and re-install the sump cover for
sump pump maintenance, and there would be some risk
that the cover may not be re-installed properly.

2.3.3 Active Drain-Tile Depressurization
(Above-Grade/Dry-Well Discharge)

Active DTD, in cases where the tiles discharge remote from
the house (to an above-grade outfall or to an underground dry
well), is less common than is sump/DTD in many parts of the
country, but is fairly common in some locations.

Drain-tile systems with remote discharges commonly (but do
not always) involve exterior drain tile Ioops, outside the
footings. DTD systems on exterior tiles are expected to be
more dependent upon the presence of nearly complete loops
to ensure adeguate treatment. That is, the loop should ideally
extend around all four sides of the house in full basements, or
around the three buried sides in walk-out basements. The need
for a nearly complete loop is expected because the suction

fieid from incomplete exterior loops will not always effec-
tively extend through relatively impermeable native soil around
the outside of the footings to reach sections of the foundation
where tiles are not present, to treat the foundation waill and the
wall/floor joint at those Iocations. Also, the exterior suction
field can be hindered in extending undereath the footings or
through the foundation wall to reach any entry routes that may
exist in the central portion of the slab. However, cases have
been reported where good reductions were achieved with
DTD/fremote discharge when the exterior tiles extended be-
side only one or two sides of the house; this good performance
may be the result of relatively high permeability in the native
soil,

By comparison, interior drain tiles (more common when the
ifles drain to a sump) can better extend suction around the
perimeter and to interior entry routes even when the loop is
not complete, at least when aggregate is present beneath the
slab. Because results to date from active DTD/remote dis-
charge systems are all from systems treating exterior tiles, the
observed performance with DTD/remote discharge are vari-
able, depending upon the exient of the drain tile loop and the
permeability of the native soil, probably among other factors.

Most of EPA’s direct data on the performance of DTD/remote
discharge systems are from tests in eight houses in Pennsylva-
nia (Sc88, He89, Fi%1). In all of these houses, the tiles were
outside the footings, and drained o an above-grade discharge.
The houses were all basements with block foundation walls.

Five of these houses had essentially complete exterior drain
tile loops (Houses 10, 12, 15, 26 and 27). From winter-quarter
alpha-track measurements in these houses over the 3 years
following installation, three of these houses were reduced
below 4 pCi/L in the basement, and two (Houses 15 and 26)
were reduced below 2 pCi/L. Of the two houses not reduced
below 4 pCifl. according to the alpha-track measurements
{Houses 10 and 27), it has been demonstrated (Fi91) that the
failure of the system to achieve levels below 4 pCi/L was not
due to inadequate treatment of the foundation by the DTD/
remote discharge system, but rather, was due to a) re-entrain-
ment of the system exhaust (radon levels in the exhausts were
650 to 2,300 pCifL.); and b) in the case of House 10, radon
released from well water (which contained 26,000 pCi/L). Re-
direction of the system exhausts, and treatment of the well
water in House 10, reduced basement concentrations in both
houses to below 2.5 pCi/L.

In summary, in all five EPA smidy houses having complete
exterior loops, DTD/remote discharge reduced all five to
below 4 pCi/L in the basement (actually, below 3 pCi/L), and
reduced two below 2 pCi/L, when supplemented in one case
by well water treatment. These concentrations generally cor-
respond to radon reductions of 90 to 99+-%, except in the case
of House 12, where the relatively low pre-mitigation concen-
tration (11 pCi/L) caused the percentage reduction to be lower
(77%).

The remaining three houses with DTD/remote discharge sys-
tems in the Pennsylvania study had incomplete exterior loops
(Houses 13, 14, and 16). In none of these houses was the DTD
system by itseif able to reduce the house betow about 10 pCi/
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1. (5c88, He89). In House 13, where the tiles may have been
beside portions of three sides of the house, the DTD system by
itself reduced basement concentrations to 11 pCyL (84%
reduction), based upon shori-term measurements. Adding a
separate one-pipe SSD system to supplement the DTD system
in House 13 decreased levels to 2.5 pCifL., based on 3- t0 4-
month alpha-track measurements during each of three win-
ters. The other two houses had tiles beside only two sides of
the house, or had an entire wing without tiles. The DTD
system reduced basement levels to 15 pCi/l. in House 14
{74% reduction) and 150 pCi/L in House 16 (37% reduction)
(Sc88, HeB9). In these cases, the DTD systems were aban-
doned in favor of BWD systems.

In summary, in the three EPA siudy houses where the exterior
loop was incomplete, the DTD system sometimes provided
moderate to high reductions (74 10 84%) even when the tiles
were beside only two or three sides of the house. In one case,
only low reductions (37%) were achieved when the tiles did
not extend around a wing of the house, Thus, even when the
tiles are incomplete, depressurization of an exterior drain tile
loop can sometimes be considered where only moderate re-
ductions are needed. However, with the high pre-mitigation
levels in the Pennsylvania houses, where high reductions were
required, in no case was DTD adequate by itself to reduce
levels below 4 pCi/l. when the loop was not compiete.

Commerciai mitigators have reported good success with DTD/
remote discharge in hundreds of houses in and near Colorado
where exterior drain tile Ioops extended around all four sides
of the house (full basements) or around the three buried sides
(walk-out basements) (K192), In a few cases, good reductions
were reported even in cases where the tiles extended beside
only one or two sides of the house, These results were
obtained despite the fact that there was no crushed rock
beneath the slab; the slab was resting directly on graded native
soil, which is commonly decomposed granite (a gravel/clay
mix of variable permeability). The effective performance is
attributed to possibly good permeability in the native soil in
some cases, permitting the suction field to extend through the
soil beneath the footings and beneath the slab; and the ten-
dency of the exterior drain tiles to intersect channels through
which wtility lines penetrate through the foundation, thus
providing a relatively high-permeability route for the suction
field to extend through the foundation wall/footings and be-
neath the siab (K192).

In one other early study (Sa&4), 80% radon reduction (to a
posi-mitigation ievel of 8 pCi/l.) was achieved in one house
by suction on an exterior drain tile loop with above-grade
edischarge. The tiles apparently extended around the three
sides of the house that were below grade, forming a U with
each leg of the U discharging to grade. Suction was drawn by
two 50- to 60-watt squirrel-cage blowers, one on each leg of
the U; squirrel-cage blowers tend to produce higher flows and
lower suctions than do the 90-watt centrifugal fans commonly
used today. This was a “berm” house with poured concreie
foundation walls, good sub-slab aggregate, and forced-air
supply ducts beneath the siab. '

The folowing discussion summarizes the results 1o date with
DTD/remote discharge systems, addressing the individval
variables.

a) House design variables

+  Sub-siab communication. The effect of sub-slab com-
munication on the performance of the exterior DTD
systems discussed above is unclear.

Many of the numerous Colorado houses discussed above
(K192) did not have crushed rock beneath the slab, sug-
gesting limited communication; yet, good radon reduc-
tions were reported. This result could be suggesting that
sub-skab communication may not be critical if the exte-
rior tiles are beside all three or four buried sides of the
house, The permeability of the native soil in this region is
variable; in some cases, this permeability may have been
high enough to help compensate for the lack of crushed
rock. Also, it is not recorded to what extent these houses
may have had soil gas entry routes at the interior of the
siab, which might have challenged the DTD system in
these potentially poor-communication cases if the suction
field were extending only weakly inward from the perim-
eter, Sub-slab communication would be expected w be
less important for exterior DTD performance if the main
soil gas entry routes are the perimeter walls and the
perimeter wall/floor joint,

Among the EPA study houses, the two Pennsylvania
houses giving the best resuits above (Houses 15 and 26,
both having complete loops and achieving less than 2
pCi/L in the basement), were the two houses having the
poorest communication (Fi91). This result would suggest
that, with exterior tiles (which are probably functioning
by treating the base of the block foundation wall and the
wall/floor joint), the completeness of the tile loop is more
important than good communication beneath the slab.
The other three houses having complete loops and uiti-
mately being reduced to 2 to 4 pCi/L (Houses 10, 12, and
27), had much better communication than did Houses 15
and 26,

Among these five Pennsylvania houses having compiete
exterior loops, the two houses having poor sub-slab com-
munication had the lowest sub-slab depressurizations
created by the exterior DTD system {with no depressur-
ization measured at some of the test holes in House 26,
and respectable readings of generally 0.014-0.048 in.
WG in House 15). By comparison, two of the three
houses having good communication achieved better sub-
slab depressurizations, 0,056-0.085 in. WG; the third
house with good communication (House 12) had readings
more comparable to the poor-communication houses,
0.014-0.018 in. WG. (For reference, the one sump/DTD
installation in Pennsylvania with inferior tiles and good
communication achieved sub-slab depressurizations of
0.625-0.685 in, WG.) From the above measurements, it
would appear that good sub-slab communication im-
proves the chances that adequate sub-slab depressuriza-
tions will be achieved with exterior DTD systems, in-
creasing the likelihood that any entry routes in the central
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portion of the slab would be treated. However, from the
House 12 results, good sub-skab communication does not
ensure that these systems will necessarily achieve high
depressurizations. And, especially from the House 26
results, where both communication and sub-slab depres-
surizations were poor, but where levels below 2 pCi/L
were consistently achieved nevertheless, it is apparent
that good communication and good depressurization are
not necessarily required for good radon reductions. This
confirms that wreatment of the perimeter block walls and
the wall/floor joint (generally aided by having a complete
drain tile loop), rather than achieving good sub-slab
depressurization, is the key requirement for exterior D'TD
systems.

The three Pennsylvania houses having only partial exte-
rior loops (Houses 13, 14, and 16) each had variable
communication, ranging from excellent under some por-
tions of each slab to very poor under other parts (Fi9l).
House 16 had generally good communication beneath the
basement slab, but very poor communication beneath the
adjoining paved crawl-space addition where the drain
tiles did not extend. Thus, in these houses, it is not
possible to assess to what extent the inadequate perfor-
mance of the DTD/remote discharge system was due to
the incomplete tile loops, and to what extent it was
impacted by poor sub-slab communication. But, as indi-
cated above, it is suspected that, in the absence of major
entry routes in the central portion of the slab, the com-
pleteness of the loop is probably the more important
variable.

The one house addressed in Sa84, which had essentially a
complete loop (on the three sides of the house below
grade), had good aggregate. However, due to the sub-slab
forced-air ducts, communication was probably not good.
The lower percentage reduction (80%) and higher re-
sidual radon levels (8 pCi/L) in this house were more
likely due to the unusunal features of this house (a berm
house) and to the design of this early DTD system, than to
the nature of the sub-slab communication.

Extent of drain tile loop. As discussed above, the
exterior tiles common with DTD/ remote discharge sys-
tems may function to a large extent by treating the base of
the foundation watl and the wall/floor joint. The extent to
which the suction field from these systems will extend
beneath the slab is quite variable, and is not always
clearly related to how good the sub-slab communication
is. In addition, with the exterior tiles, the suction field
probably extends only weakly through the native soil
outside the footings to regions where the tiles are not
present, if the native soil has relatively low permeability.

. Under these conditions. the extent of the drain tle loop
could be a very important variable in determining the
effectiveness of these systems with exterior tiles. It may
often be important that the tiles be located on three or
four sides of the house,

However, experience with DTD/remote discharge in Colo-
rado indicates that suction on exterior tiles can sometimes
be effective even in cases where the tiles are on only one

or two sides of the house (K192), Success with such
partial loops appears to depend upon relatively good
permesability in the native soil underlying the foundation.

‘Under this condition, the suction field from the partial

loop might be expected to better extend around the por-
tion of the perimeter without tiles, and beneath the slab,

» Eniry routes in center of slab. The available data are

not adequate to quantify the effects of interior enury

.. routes on the performance of exterior DTD systems. Only

one of the Pennsylvania houses had a major interior route
(House 27, which had a hollow-block structure penetrat-
ing the middle of the slab to support a fireplace on the
floor above) (He87). The sysiem in House 27 achieved
levels below 4 pCi/L (93% reduction) despite this interior
entry route, perhaps because the complete loop and the
good sub-slab communication resulted in sub-slab de-
pressurizations of 0.056-0.081 in. WG.

From the preceding discussion, it would be expected that
interior entry routes will likely be most important in cases
where poor sub-slab communication, poor permeability
in the natve soil, an incomplete drain tile loop, or other
factors prevent the suction field from the exterior tiles
from extending beneath the siab,

Nature of the foundation wall. The available data are
not sufficient to determine the impact if the foundation
wall were poured concrete rather than block,

All of the houses in Pennsylvania had block foundations.
Complete drain tile loops are ideally located to treat entry
through block walls, so that the nature of the foundation
wall may not be particularly important when the loop is
complete. Since poured concrete walls substantially re-
duce wall-related entry routes, exterior DTD systems
with partial loops may perform better when the wall is
poured, since leaving a portion of the wall untreated
would then be less of a problem. Poured concrete walls
might further hinder the extension of the exterior DTD
suction field into the region beneath the slab, compared to
relatively porous block walls.

House size. The data are insufficient to enable a defini-
tive statement regarding the effect of house size. Oniy
one of the five Pennsylvania houses having complete
loops had a slab larger than 1,000 fi* (House 10, where
the slab was 1,300 fi*), Presumably, if the exterior drain
tile loop were compiete and were thus reating the entire
perimeter, the size of the slab would not be particularly
important, unless there was a significant entry route in the
centrai portion of the slab.

» Adjoining wings. Experience in Colorado suggests that,

in many cases, exterior tiles around a basement will aiso
extend around ar adjoining slab-on-grade wing (K192).
In such cases, it would be anticipated that DTD/fremote
discharge may effectively treat both wings.

The reader should be aware that, in other parts of the
country, it is possible that exterior drain tiles will not
extend around the adjoining wing, possibly leaving un-



b)

c)

d)

treated both the adjoining wing and the side of the base-
ment abutting the wing. None of the EPA study houses in
Pennsylvania where DTD/remote discharge has been ef-
fectively tested had adjoining wings.

Sub-slab obstructions. The house in Sa84, with sub-
slab forced-air ducts, is the only house reported with an
exterior DTD system having sub-slab obstructions. The
other unigue features of this berm house prevent a clear
interpretation of the effects of these ducts on system
performance. ‘

Where an obstruction is not associated with an interior
entry route, it might be expected that the obstruction will
not significantly interfere with exterior DTD performance,
since the system appears to perform largely by treating
the foundation wall and wall/floor joint immediately ad-
jacent to the tiles. But where the obstractions are associ-
ated with interior entry routes—e.g., an interior load-
bearing watl or sub-slab ducts—it could be expected that
the obstruction will sometimes degrade system perfor-
mance, by providing an entry route potentially not effec-
tively treatable by the exterior system.

House operating variables

Operation of central furnace fan, and exhaust
fans. See comments in Section 2.3.1b. To the extent that
exterior DTD/remote discharge systems will sometimes
provide lesser sub-slab depressurizations that will SSD or
sump/interior DTD systems, the exterior DTD system
may sometimes be more prone to being overwhelmed by
basement depressurizations created by these fans.

Mitigation system design variables

Size of suction pipe. Four-in. diameter pipe has been
used on ali of the EPA-sponsored DTD/remote discharge
installations (Sc88). The flows from all five of the sys-
tems still operating in Pennsylvania have been above 100
cfm, confirming that pipe of at least that size will gener-
ally be needed. Flows in the Colorado systems have
generally been somewhat lower, 50 to 80 cfm (K192); 4-
in. piping has routinely been used in the Colorado instal-
lations as well, The 4-in. piping is also convenient for
connecting to the exterior drain tiles, which are usually
either 3 or 4 in. in diameter.

Degree of slab sealing. No data have been reported
guantifying the effect of slab sealing on DTD/remote
discharge performance. As with the sump/DTD systems
(Section 2.3.2¢), because the tiles are immediately beside
the footings, canlking the wall/floor joint would usually
be a desirable step wherever the joint is accessible and
whenever it.is more than a hairline crack.

Mitigation system operating variables

Fan capacity. All five of the exterior DTD systems in
Pennsylvania have the 90-watt centrifugal tbular fans.
Given the relatively high flows in these systems (>100
cfm) and the need for high suctions in an attempt to

extend the suction field under the slab, the 90-watt fans
will usually be the logical choice, rather than a smatler
unit. The 90-watt fans have also routinely been used in
the Colorado installations.

« Fan in suction vs. pressure. See Section 2.4. Soils so
poorly drained that drain tiles are necessary wiil not
usually be sufficiently permeable to warrant DTD pres-
surization rather than depressurization,

e) Geology/climate variables

See the discussion for these vartables in Sections 2.3.1e.
f) Mitigation system durability

» Radon reduction performance. The only durability
data on DTD/remote discharge systems are from the five
houses in Pennsylvania (Fi91). In all cases except House
10, where exhaust re-entrainment and well water coniri-
butions caused larger fluctuations, none of the winter-
quarter alpha-track measurements over a three-year pe-
riod varied from the three-winter average by more than +
1 pCi/L. In no case was a progressive degradation in
performance apparent,

» System suctions and flows. In all five Pennsylvania
houses, the suctions and flows in the DTD suction pipe
remained steady, within the accuracy of the measure-
ment, over the 3 to 4 years following installation.

» Sub-slab depressurizations. No degradation in sub-
slab depressurizations were apparent over the 3 to 4 years
after installation.

» Eguipment durability. One of the five 90-watt DTD/
remote discharge fans (in House 15) failed over the 4
years since installation. This fan failed due to bearing
failure, the only fan in Pennsylvania to fail for a reason
other than capacitor failure. This faiture rate (one in five)
is roughly the same as the rate for fans on the SSD
systems.

« Homeowner intervention. In one case (House 13), the
homeowner turned the fan off due to the noise created by
the worn bearings.

2.3.4 Active Block-Wall Depressurization

BWD has occasionally been used as a supplement to $8D in
basement houses, in both R&D study houses and in commer-
cial installations, when one or more of the block foundation
walls had appeared to be an important radon entry route which
has not been adequately weated by SSD alone. The BWD
component in these combined SSD+BWD systems is usually
accomplished using the “individual pipe” approach, i.e., by
inserting a PVC pipe into one or more of the block cavities in
the wall(s) to be treated, and tying this pipe into the SSD
sysiem piping.

In the large majority of cases, SS8D alone will be sufficient,
and the BWD component will be unnecessary. However, in
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some parts of the country—in particular where basement sub-
siab comsnunication is poor or where the source strength is
high—mitigators are commonly prepared to supplement SSD
systems with BWD comporents in block-foundation houses,
where high radon concentrations inside the walls or other
local conditions suggest that a BWD leg into one or more of
the walls might be necessary (Mes90b, Sh90, Jo91).

BWD as a stand-alone method, without $SD, has been tested
in a few R&D study houses having basements, It does not
appear to have been widely used commercially, although
mitigators have occasionally encountered isolated cases where
one or two block walls were particularly important radon
entry routes and where a stand-alone BWD system treating
those walls proved to be extremely effective. One firm mar-
kets a “baseboard-duct” BWD system nationaily through lic-
ensees (E188), sometimes used in conjunction with basement
water control. But even this BWD system often has a SSD
component; the baseboard ducts are often connected to a
retrofitted, perforated sump crock installed through the base-
ment slab to handle water collected in the baseboard ductng,
and the suction is drawn on this sump (providing SSD} as well
as on the baseboard channel drain.

From the limited available data, BWD as a stand-alone method
can be effective in basement houses suited to this approach.
Well-suited houses include houses which permit good closure
of all major wall openings and which do not have major slab-
related entry routes remote from the walls. Usually, stand-
alone BWD will be considered primarily in houses where the
walls are the predominant entry route, and where marginal or
poor sub-stab communication will prevent a SSD system from
adequately treating the walls.

Stand-alone BWD has also been made to perform reasonably
well in less suitable houses, though this has often required
some effort to adequately close wall openings and to boost
suction in the walls {e.g., with multiple fans or more suction
pipes). Moreover, the ability to reliably achieve indoor levels
below 4 pCi/L with stand-alone BWD systems in such less
amenable houses -has not been consistently demonstrated.
EPA’s experience has suggested than one cannot always
reliably predict which houses will be truly suitable, nor how
much effort will be required to make the stand-alone BWD
system give the desired reductions. In addition, due to the
amount of house air that can be drawn into the system through
the walls, the house heating/cooling penalty and the threat of
combustion appliance backdrafting are likely to be increased,
especially in houses less amenable to the BWD approach.

Results from stand-alone BWD systems have been reported
only for seven basement houses in Pennsylvania (He87, Sc88),
one basement house having an adjoining slab on grade in New
Jersey (Tu89), and three basement houses in New York (Nig9).
(The Pennsylvania study also included five other basement
houses having block-wall pressurization systems, discussed
in Section 2.4.)

Of the seven houses in Pennsylvania, six (Houses 3, 7, 8, 14,
16. and 19) involved the individual-pipe variation of the BWD
process. In these five, there were one or more pipes installed
in each of the perimeter walls, with House 16 having nine

pipes. Among these six houses having stand-alone individual-
pipe BWD systems,

- All six of the houses except House 19 achieved radon
reductions of 92 10 99% in the basement. The percent-
age reductions are high because the pre-mitigation
levels were exiremely elevated, as great as 400 pCi/L.
Thus, despite the high percentages, only three of the
houses were reduced below 4 pCi/L (with two of these
three being reduced to 2 pCi/L. and less, and one to 1
pCi/L).

- Four of these houses (Houses 3, §, 14, and 19) were
particularly suitable for BWID: the walls were unfin-
ished and accessible, the top block voids were gener-
ally accessible for closure, and there were no complica-
tions such as a block fireplace structure in the walls,
exterior veneer, or high block porosity. Houses 3, 8,
and 14 were reduced below 4 pCi/L with a single fan
depressurizing the system; Houses 3 and 14 were re-
duced below 2 pCi/L.. These low post-mitigation levels
have been confirmed by winter-quarter alpha-track mea-
surements over the 3 years following installation. These
three houses, which were apparent beforehand as being
distinctly amenable to the BWD approach, are the only
Pennsylvania houses where BWD has been unambigu-
ously successful.

- The fourth “amenable” house above (House 19) has
consistently averaged 31 pCy/L in the basement since
installation {no reduction from the pre-mitigation value
of 32 pCi/L) (Fi91), All major openings in the walls
had been effectively closed, and smoke tracer testing
confirmed that the single fan was depressurizing the
wall voids every-where, The slab in this house is badly
cracked, and diagnostic testing confirmed that soil gas
is entering the house through these cracks. Thus, the
BWD system would appear to be effectively treating
the walls, but the suction field is not extending beneath
the slab to treat the slab-related routes remote from the
walls. As a result, the ability to identify a priori houses
which will be truly amenable to stand-alone BWD is in
question. As a minimum, the absence of potentially
important stab-related entry routes remote from the
walls would appear to be one of the criteria for deter-
mining amenability. The walls (and the wall/floor joint)
must be the primary (or sole) entry routes.

As a point of interest, the BWD system in House 19—
so unsuccessful in reducing basement concentrationg—
is extremely effective in reducing levels upstairs, to
below 1 pCifl. (5c¢89, Fi9l). The BWD system is
thought to be depressurizing the basement, preventing
the flow of the 31 pCi/L basement air upstairs.

- Two of the six Pennsylvania houses having stand-alone
individual-pipe BWD systems {(Houses 7 and 16) of-
fered difficuities in wall closure. These difficulties
included inaccessible top voids, and exterior brick ve-
neer, While radon reductions of 92 and 98% were
achieved in these houses, respectively, basement levels
remained elevated (32 pCi/L in House 7 according to
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shori-term measurements, 5.3 pCi/L in House 16 based
upon three winters of alpha-track measurements). To
-achieve these reductions, various special steps were
taken in system design (using two suction fans in
House 7, wsing 6-in. diameter piping for the maior
piping run in House 16 to reduce pressure loss). Had
the pre-mitigation concentrations in these two houses
been lower, the percentage reductions would have been
lower, but it is possible that post-mitigation levels
might have gotten below 4 pCi/L. These results indi-
cate that in houses not amenable to stand-alone BWD,
good reductions can sometimes still be achieved, but
special steps may be required, and the ability to reduce
levels below 4 pCi/L is uncertain. In these cases, stand-
alone BWD is not the best choice.

In House 16, the nine-pipc BWD system was subse-
quenily temporatily replaced with a three-pipe SSD
system, to determine which would perform better (Fi91),
The two SSD pipes in the basement very effectively
depressurized the entire basement slab (to 0.323-0.363
in. WG), although the one SSD pipe in the adjoining
paved crawl-space addition achieved more marginal
sub-slab depressurizations in that wing (0.001-0.020
in. WG). Even with apparently excellent treatment of
the basement slab, the SSD system alone resulted in
distinctly higher indoor radon leveis than did the BWD
system alone (13 pCi/L in the basement, compared to 4
pCi/L with the BWD system, and 5 pCi/L upstairs,
compared to 2 pCi/L. with the BWD system). While the
marginal treatment of the paved crawl space by the
SSD system might have been contributing to the re-
duced performance of that system, these results suggest
there can be cases where SSD systems cannot ad-
equately treat all of the wall-related entry routes, even
when the system is depressurizing the sub-slab very
weli. Thus, there will be cases where the SSD system
must be supplemented with a BWD system. Possibly,
placement of additional SSD pipes near the walls in
House 16 could have improved the wall treatment by
the SSD system. However, House 16 would appear to
be a case where a combination of $5D + BWD could
be the optimum approach for reliably reducing the
house below 4 pCi/L.

The one house tested with a stand-alone BWD system in New
Jersey (Tu89) was an individual-pipe system in a basement
house having an adjoining slab on grade (House LBL-10).
Two BWD suction pipes were installed in the wall voids of
the stem wall separating the two wings. This relatively simple
BWD system reduced basement concentrations from 146 pCi/
L to 3 pCi/L. By comparison, a stand-alone S5D system tested
in this house (with two SSD pipes extending all the way
through the stem wall to beneath the adjoining slab on grade)
gave about the same results. The success of the two-pipe
BWD system in New Jersey is very different from the experi-
ence with the more extensive systems in Pennsylvania. The
difference might result from the stem wall being a particularly
important source in the New Jersey house, andfor to some
depressurization beneath the adjoining slab being obtained by
the BWD system.

The three New York houses (AR-01, OP-D1, and OP-16)
having stand-alone BWD systems were all individual-pipe
installations in houses having marginal sub-slab communica-
tion (Ni89). In the two houses which either had solid cap
blocks (AR-01) or where a substantial effort was undertaken
to close the voids in the top course of block (OP-16), suction
on one to three walls reduced radon levels to about 2 pCi/L
(from pre-mitigation levels of 17 to 55 pCi/L). BWD had been
selected for these houses because higher radon levels had
been measured inside the block cavities than beneath the slab,
suggesting that wall entry was important.

Even in the third New York house (OP-01), where no wall
sealing was performed and where suction was drawn only on
one wall, levels were reportedly reduced from 21 to about 3
pCi/L. In House OP-01, this one-wall BWD system gave
lower post-mitigation readings than did a one-pipe SSD sys-
tem which was tested back-to-back with the BWD system.
The SSD system alone gave readings of 5 to 7 pCi/L, com-
pared to the 3 pCi/L for the BWD system alone. The apparent
success of the BWD system in House OP-01 was achieved
despite several factors which would suggest that it would not
be amenable to BWD as a stand-alone method: unsealable top
block voids; the ability to treat only one of the walls; high sub-
slab radon concentrations: and an extensively cracked siab,
offering entry routes remote from the foundation walls. This
success in OP-01 may have been due, at least in part, to the
following factors (Bro2):

- the block foundation walls extended all the way up to
the attic. Thus, even though the top voids (in the attic)
could not be sealed, there would be an increased resis-
tance to air flow from the top voids down into the
BWD system, increasing the suctions that could be
maintained inside the cavities at basement fevel.

- three suction pipes were installed in the one wall, with
the result that suction is thought to have extended
around the cormners into the adjoining walls. Thus, at
least parts of two other walls were aiso being treated,
Perhaps these three walls were the major entry routes.

- the post-mitigation level was probably depressed by
the fact that this measurement was made during mild
weather, Cold-weather post-mitigation results were not
reported,

One of the seven Pennsylvania houses having a stand-alone
BWD system (House 11) received the baseboard-duct varia-
tion of the technology (He87, Sc88). This particular house
was in fact one (end) unit in a multi-unit townhouse structure,
with a perimeter channel drain around the enfire structure,
Only moderate radon reductions (about 65%, to 21 pCi/L)
were achieved. The testing in this one unit could not fairly
represent the results that might be achieved in a detached
house where the full perimeter channel drain could be ac-
cessed; in addition, the owners of this house discontinued
participation in the project before testing could be completed.
Thas, the results from this townhouse are not felt to be a fair
representation of the performance that might be expected with
4 stand-alone baseboard-duct system in a detached house,
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BWD (generally the individoal-pipe variation) has been tested
in a number of cases as a supplement to a SSD system, The
benefits of adding a BWD component to a SSD system will
depend upon the significance of the walls as an entry routes,
and the ability of the SSD system by itself to address wall-
related entry. A BWD component is most commonly needed
when sub-siab communication is poor, hindering the exten-
sion of the SSD suction field around the base of the walls.

in three houses in Pennsylvania, SSD systems were tested
with and without a BWD component. In each case, the BWD
component consisted of one or more individual pipes into
each of the perimeter walls, connected into the SSD piping
and treated by a single fan. In one house with moderate to
good communication (House 3), a one-pipe SSD system de-
pressurized the sub-slab to 0.024-0.093 in. WG, and was
adequate to reduce basement levels to about 3 pCi/L; a
supplemental five-pipe BWD component further reduced lev-
els below 2 pCi/L (Fi%1). In the second house, House 20,
which had poor communication (He87, Sc&8), a BWD com-
ponent was necessary in order to reduce basement concentra-
tions to near 4 pCi/L; the SSD system by itself was marginally
inadequate, achieving 5 to 8 pCi/L in the basement. In this
house, the BWD component consisted of one 2-in, diameter
(equivalent) wall suction pipe tapped into each of the five 4.
in. SSD pipes, which were immediately beside the walls. The
BWD pipes caused suction in the SSD pipes to fall from about
0.9 in. WG to about 0.2 in. WG. (Well water treatment was
also necessary in House 20, as discussed in Fi91.)

But in the third house in Pennsylvania (House 7), with vari-
able communication (ranging from low to good), addition of a
BWD component caused performance to degrade signifi-
cantly (increasing basement concentrations from about 4 to 26
pCiL). Analogous to House 20, the BWD component in
House 7 was achieved by tapping one 2-in. (equivalent) wall
suction pipe into each of the seven 4-in. SSD pipes. As in
House 20, the air flow out of the BWD component of the
system in House 7 caused the suction in the SSD pipes to
decrease significantly, from about 0.9 in. WG to about 0.1 in,
WG. But in House 7, the reduced suction in the SSD piping
resulted in a significant reduction in the performance of the
$SD component of the system which more than offset any
benefits from the BWD treatment of the walls,

In one basement house in New Jersey having an adjoining
paved crawl space and having poor communication (LB1L.-12
in Tu89), SSD in the basement reduced levels only to 5 pCi/L..
Addition of a suction pipe into the cavities of the block wall
separating the two wings, and connecting it to the SSD
system, reduced levels t0 2.3 pCi/LL.

In testing in New York (Ni8%), BWD was tested in conjunc-
tion with 8SD in four houses. One of these houses (OP-01),a
“full basement house, has been discussed earlier in connection
~ with testing of BWD alone and $SD alone. In House OP-01,
combined operation of the one-pipe SSD system and the
BWD system on one wall reduced basement levels from 21
pCi/L to about 3 pCi/L. during cold weather. By comparison,
SSD alone had achieved only 5-7 pCi/L; BWD alone had
achieved 3 pCi/L, but that had been during mild weather.

The other three New York houses had been basement houses
having adjoining slabs on grade (AR-04, -03, and -09), report-
edly with relatively good communication beneath the base-
ment siab. Grab radon measurements inside the block cavities
were in all cases comparable to, or higher than, the radon
measured beneath the basement slab, indicating the impor-
tance of wall-related entry. In each case, a SSD system in the
basement was supplemented by a BWD leg treating the stem
wall between the two wings. In all three houses, adding the
BWD component made a significant improvement compared
to the SSD component alone. In two of the cases, the BWD
component was required to reduce basement concentrations
below 4 pCi/L (achieving levels of about 2 pCi/L),

In these three New York houses (Ni89), and in New Jersey
House LBL-12 discussed previously (Tu89), the depressur-
ization of the stem wall may have also been providing some
depressurization beneath the adjoining slab on grade. To that
extent, these results would be generally consistent with results
observed by others (Mes%0a), indicating that, in basement
houses having adjoining slabs, SSD beneath the adjoining
slab is sometimes required in addition to SSD in the basement.
Where a BWD component is being added to a basement SSD
system, the stem wall separating the basement from any
adjoining wing is commonly the first wall to which suction is
applied; it will often contain the highest radon levels, and, as
stated above, suction on this stem wall may also be treating
the adjoining wing.

In three basement houses in Tennessee having adjoining crawl

- spaces (Py90), with poor communication beneath the base-
ment stab, a BWD component (along with sealing of the top
block voids and, in one case, the surface of the highly-porous
block wall) was required, in addition to two-pipe, two-fan
SSD systems, in order to reduce levels to 4 pCi/L. In the two
houses where crawl-space soil was exposed, 2 SMD compo-
nent was required also,

The preceding discussion has focused on BWD (and SSD +
BWD) systems in basement houses, since almost all of the
BWD data have been obtained on that substructure type.
BWD components to SSD systems have been tested in three
cases in slab-on-grade houses.

In one slab-on-grade house in Ohio having a block foundation
wall beneath the slab perimeter (House 1 in He91a), suction
was drawn on a hole cored horizontally all the way through
the foundation wall from outdoors, below slab level, The 90-
watt fan was mounted directly over this hole, with no pipe
extending through the wall, and with no attempt to close the
block cores surrounding the hole. Under these circumstances,
there should be a significant BWD component to this
SSD+BWD system, This combined system reduced indoor
levels from about 20 to about 3 pCi/L.. By comparison, when
the fan was remounted on a pipe inserted through the wall,
and the surrounding voids foamed in an effort to reduce the
BWD component, Jevels rose to about 8 pCi/L. Levels fell
again when the pipe and foam were removed, re-establishing
the BWD component. Thus, the BWD component can clearly
be important in some cases. Based upon results from some of
the other slab-on-grade houses tested in the Ohio project, the
BWD component appeared to be most important where the
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SSD system was marginal (i., in large slabs having only one
suction point).

In two other slab-on-grade houses in New Jersey (Os89a), a
combination of SSD + BWD was tested, again using suction
pipes penetrating horizontally through the block foundation
wall from outdoors. In each of these houses, there were three
suction pipes manifolded to a single fan, with one pipe pen-
etrating all the way through the wall into the sub-slab region,
and the other two pipes terminating inside the block cavities,
Radon reductions of 99% were obtained in both of these
houses, reducing indoor levels from pre-mitigation values of
700-1,000 pCi/L., to post-mitigation concentrations of 6-8
pCi/L. (The effects of deleting the BWD component were not
tested.)

The importance of the BWD component in these slab-on-
grade houses probably resulted from the treatment of wall-
related soil gas entry, and from extension of a sub-slab suction
field through the relatively permeable backfill material around
the perimeter immediately inside the footings, As discussed in
Section 2.3.lc, in connection with perimeter placement of
SSD pipes in Florida slab-on-grade houses (Fo90, Fo92), air
short-circuiting into the SSD+BWD system through the po-
rous blocks might sometimes be expected to degrade system
performance. In the Ohio house discussed above, the
SSD+BWD system was subject to being overwhelmed when
the forced-air furnace fan (with sub-slab supply ducts) was
operated continuously. Thus, reliable guidance cannot cur-
rently be offered regarding the conditions under which a
BWD component can best be added to a SSD system in slab-
on-grade houses.

- The following discussion summarizes the results to date with
BWD, addressing the individual variables.

a) House design variables

» Sub-slab communication. A stand-alone BWD sys-
tem {or a BWD component on a SSD system) appears
most applicable when sub-slab communication is poor
{Ni89, Tu89, Py90, Sh90, Fi91, Jo91). This is undoubt-
edly because the poor sub-slab communication prevents
the SSD system from effectively intercepting the soil gas
before it enters the wall void network.,

However, where the walls are major entry routes, BWD
components can occasionally stil! be important even when
sub-slab communication is good. The results from Houses
3 and 16 in Pennsylvania (Fi91} demonstrate that, even
when communication is good and a SSD system can
effectively depressurize the entire sub-siab, a BWD com-
ponent can still provide improved performance. In the
case of House 16, a stand-alone BWD system provided
better reductions than a stand-alone.SSD system. The
unusually high source strengths under these houses may
be the explanation why effective sub-siab depressuriza-
tion by the SSD system was unable to adeguately reduce
radon entry through the walls.

On the other hand, where sub-slab communication is
marginal, adding a multi-pipe BWD component to a SSD
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system can sometimes actually reduce overall system
performance. In House 7 in Pennsylvania, high suctions
were needed in the SSD system piping in order to achieve
adequate suction field extension beneath the slab; addi-
tion of the BWD pipes resulted in high air flows from the
walls which reduced the system suction and degraded the
overall performance.

+ Access to close major wall openings. Best results
. with BWD systems have consistently been achieved in
cases where major wall openings either have not existed
or have been accessible for closure (He87, Sc88, Nig9,
Py90). &t is particularly important that the block voids at
the top of the wall be closed, either with a solid cap block
instalied during construction, or through a sealing effort
during mitigation. When major wall openings exist and
cannot be effectively closed, there is an increased likeli-
hood had poorer BWD performance will be achieved
(e.g., Houses 7 and 16 in Sc88). One house where good
BWD performance was achieved despite the inability to
close the top block voids (House OP-01 in Ni&9) was
atypical; the block walls extended up into the attic, creat-
ing increased flow resistance for air flowing down through
the top voids, thus increasing the suction that the BWD
system was able to maintain in the cavities at basement
level.

» Entry routes in center of slab. The data from House
19 in Pennsylvania (He87, Sc88) suggest that slab-related
entry routes remote from the walls (such as extensive slab
cracking) can sometimes make it impossible for a stand-
atone BWD system to adequately treat the house, necessi-
tating a SSD component. However, occasional cases have
been reported where a stand-alone systern gave adequate
performance despite extensive slab cracking (House OP-
01 in Ni89). The ability of stand-alone BWD to ad-
equately treat such houses will depend upon a) whether
the perimeter walls are the predominant entry route,
despite the slab cracks; and/or b) the ability of BWD
suction to extend under the slab to treat the interior
cracks.

Stand-alone BWD systems have been found to create
measurable (but often marginal) depressurizations be-
neath the slab; depressurizations ranging from 0.001 10
0.012 in. WG have been measuredd under the central slab
in Houses 8, 14, and 16 in Pennsylvania (Fi91). Under
these conditions, some ability to treat interior slab entry |
routes would be anticipated. Nevertheless, it is recom-
mended that SSD components always be considered in
conjunction with BWD systems, especially when there
are interior slab-related entry routes.

* Nature of the foundation wall. BWD is applicable, of
course, only with block foundation walls. Best perfor-
mance has generally been observed where the walis: a)
have solid cap blocks as the top course, or have top void
accessible for closure; b) walls not containing complicat-
ing entry routes such as block fireplace structures; and ¢
are not unusually porous,



House size. The data are insufficient to enable a defini-
tive statement regarding the effect of house size. Among
the houses where stand-alone BWD systems have given
the best results, many have had relatively small slabs
(570 to 860 £t%), but one (House 14 in Pennsylvania) had
a slab of 1,300 fi*, And among the houses where stand-
alone BWD systems have given poorer results, one had a
small slab (570 ft2), one a larger slab (1,100 ). Intu-
itvely, houses having longer perimeters are likely to
require more BWD suction pipes with stand-alone sys-
tems; for example, House 16, with 1,040 ¢ of slab area,
received nine BWD pipes, and is still not reliably below 4
pCi/L in the basement.

There is no evidence that slab size plays a role in deter-
mining whether a BWD leg must be added to a SSD
system, unless perhaps the increased slab size is com-
bined with poor communication.

Adjoining wings. In a total of four basement houses
having adjoining slab-on-grade or paved crawl-space
wings (Ni89, Tu89), depressurization of the block stem
wall separating the wings proved to be necessary in
conjunction with SSD in the basement. This could be
suggesting that, with adjoining wings, the stem wall can
be a particularly important entry route, perhaps because
the soil adjoining the basement beside that wail is “capped”
with a slab that helps direct the soil gas toward that wall.

SSD beneath an adjoining slab on grade or paved crawl
space, as a supplement to SSD beneath the basement slab,
has sometimes been found 1o be necessary to effectively
treat such combined-substructure houses (Sc88, MesS0a),
The BWD treatment of the stemn wall in the four houses in
Ni&9 and Tu89 may well have also been providing a SSD
component under the adjoining slab. And likewise, the
SSD treatment of the adjoining wings in Sc88 and MesY0a
was likely also providing a BWD component treating the
stem wall. In all cases in Sc88 and Mes%0a, the SSD
pipes treating the adjoining slab were inserted horizon-
tally through the stem wall from inside the basement;
hence, the saction beneath the adjoining slab was being
generated immediately beside the stem wall.

In summary, it is likely that, in combined-substructure
houses with block foundations, the radon entry associated
with the adjoining wing is a combination of a) entry into
the basement through the block stem wall; and b) entry
directly into the adjoining wing through routes in that
wing. The relative importance of these two pathways will
likely vary depending upon site-specific factors. The
stem-wall BWD components added in Ni89 and Tu89,
and the adjoining-slab S3D legs added in Sc88 and

. Mes%0a, were both likely providing a combination of

SSD + BWD treating both pathways. The adjoining-slab
SSD approach, where the pipes penetrate all the way
through the wall into the region beneath the adjoining
slab, would likely be better at treating the entry directly
into the adjoining wing.

b)

c)
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The data base for stand-alone BWD systems in com-
bined-substructure houses is inadequate to permit an as-
sessment regarding the effect of an adjoining wing on the
design and performance of such systems. BWD as a
stand-alone technique has been reported in only one
house having an adjoining wing (House 16 in Sc88,
where three individual BWD pipes in an adjoining paved
crawl space supplemented six BWD pipes in the base-
ment). In this case, the treatment of the walls in both

. wings was inadequate to reliably reduce the basement

from 395 pCi/L. to below 4 pCi/L (achieving 5.3 pCi/L
according to winter-quarter alpha-track averages), The
living area was reduced below 2 pCi/L., according to the
winter-quarter alpha-tracks. It is suspected that residual
radon levels would have been higher if BWD pipes had
not been extended into the walls of the adjoining crawl
space, Poor communication beneath the crawl-space slab
was probably preventing the BWD pipe in the basement
stem wall from establishing much of a SSD component
beneath that adjoining slab. However, testing was not
conducted with and without the BWD pipes in the walls
of the adjoining wing; thus, it is not possible to quantify
how important it was to treat the adjoining wing in that
way, nor to understand the complications being created
by the adjoining wing in this one house.

House operating variables

Operation of central furnace fan, and exhaust
Jans. As discussed in Section 2.3.1b, central furnace fans
{with cold air returns in the basement), and various other
exhaust fans {including whole-house exhaust fans, atiic
fans, and clothes driers), have been observed to cause
basement depressurizations of 0.001 to 0.02 in. WG. No
quantitative measurements have been reported for the
depressurizations created by BWD systems inside block
walls. However, pressure measurements in the BWD
piping are generally low, 0.01 to 0.15 in. WG (Sc88),
one-tenth or less of what is commonly measured in S5D
pipes. These low suctions in the piping suggest that the
depressurizations inside the wall are probably quite low,
and perhaps not measurable in some locations. Stand-
alone BWD systems have been reported to create sub-
slab depressurizations ranging from 0.001 to 0.012 in,
WG in three Pennsylvania houses having moderate to
good sub-slab communication (Fi91); these depressuriza-
tions are much lower than are commonly measured with
SSD systems when communication is good.

Based upon the above discussion, it is expected that -
stand-alone BWD systems will be much more subject
than SSD systems to being overwhelmed by the basement
depressurizations created by appliances.

Mitigation'system‘ design variables

Method of distributing suction te walls (individual-
pipe vs. baseboard-duct approach). Insufficient data are
available to permit a meaningful comparison of the rela-
tive performance of these two approaches. Most pub-
lished data address the individual-pipe approach. In no



cases have both approaches been tested back-to-back in a
single house, to compare performance.

Number of suction pipes. In all six of the Pennsylvania
houses where the individual-pipe BWD approach has
been tested as a stand-alone measure, one or more BWD
pipes were installed in each perimeter foundation wall
and in each interior load-bearing block wall that pen-
etrated the slab. Where there was a discontinuity in a
wall, dividing the wall into two sections, a pipe was
installed in each section. As indicated previously, this
complete coverage of the walls was adequate to reduce
the three most amenable houses below 2 to 4 pCi/L in the
basement during the winter, but was inadequate to reduce
the less amenable houses below 4 pCi/L in the basement.
No testing was conducted to reduce the number of pipes
in the amenable houses, to determine whether fewer pipes
would have been sufficient in those cases. Qualitative
(smoke tracer) measurements suggested that suction on
one perimeter wall would sometimes extend around the
corner into the adjoining perimeter wall, but would not
consistently do so.

The one house in New Jersey having a stand-alone indi-
vidual-pipe BWD system (Tu89) achieved substantial
reduction {from 146 to 3 pCi/l. in the basement) with two
BWD pipes in only one of the basement walls (the stem
wall beside the adjoining slab on grade).

Of the two amenable houses in New York having stand-
alone BWD systems (Ni89), reductions to about 2 pCi/L
in the basement were achieved with BWD pipes in only
one to three of the perimeter walls. The one less amenable
house (OP-01) appears to have been significantly reduced
with three suction pipes in one wall, although there are
not cold-weather data with only the BWD system operat-
ing to confirm this favorable result,

In surmmary, with stand-alone individeal-pipe BWD sys-
tems, there are some limited data (from New Jersey and
New York) suggesting that installation of a suction pipe
into each wall is not always necessary, especially when
the house is amenable to BWD, This result is consistent
with isolated experiences of commercial mitigators. This
sitwation will occasionally occur when one or two walls
are the predominant entry routes, perhaps due to a high
source strength near those walls. However, there are
other limited data (from Pennsylvania) suggesting that,
when a house is not amenable to BWD, one pipe in cach
wall will not be sufficient. Given the limitations of the
data, if a stand-alone individual-pipe BWD system is
being considered for a given house, it would appear
logical during the planning process to anticipate that one
pipe will be required on each perimeter and interior load-
bearing wail, uniess or until evidence becomes available
indicating that fewer pipes will be sufficient.

No data are available from stand-alone baseboard-duct
BWD systems, indicating whether it will sometimes be
sufficient to install baseboard ducts on only some of the
walls, or along only a portion of a wall. Presumably, the
baseboard-duct approach would be at least comparabie to
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the individual-pipe approach, in terms of its ability to be
successful when fewer than all four walls are directly
treated.

Location of suction pipes. No definitive data are
available regarding the optimum point at which to insert
an individual BWD suction pipe into a block wall. Com-
monly, pipes have been installed roughly midway be-
tween the two ends of the wall, althongh obstructions

_ have ofien required that the pipes be installed off this

mid-point. Where multiple pipes have been installed in a
single wall, the pipes have been installed at roughly equal
distances from the two ends of the wall and from each
other. In the Pennsylvania houses (Sc88), BWD pipes
were generally installed near the bottom of the wall, in an
effort to improve the treatment of the wall/floor joint and
the footing region, and to improve extension of the suc-
tion field under the slab.

Size of suction pipes. Where BWD has been used as a
stand-alone technique, flows have been high, due to the
leakiness of the walls. Under these conditions, piping of
atleast 4 in. diameter has essentially always been used, to
reduce pressure losses in the piping, In some cases in
Pennsylvania, to further reduce pressure losses, the 4-in.
diameter legs into the walls were connected to a 6-in.
diameter trunk line leading to the exhaust fan. Since
exhaust flows with the 90-watt centrifugal fans were
sometimes as great as 150 to 200 cfm with these systems,
piping pressure losses were sometimes as great as 0.25 in.
WG, But in none of the Pennsylvania cases did pressure
losses between the fan and the wall entry points appear to
be a primary cause of poor system performance.

Where a BWD component has been tapped into a SSD
system, and the combined piping directed to a single fan,
it has commonly been necessary to restrict flow into the
BWD piping. Otherwise, system suction can be reduced
to such an extent that performance of the S$D component
deteriorates, offsetting any benefits adding of the BWD
component. This restriction of BWD flow can be accom-
plished by using 4-in. pipe for both the $8D and the
BWD piping, and by installing dampers or valves in the
BWD legs to allow the flow from those pipes to be
reduced. Perhaps more commonly, this restriction has
instead been achieved by reducing the BWD legs to 1 or 2
in. in diameter.

As discussed previously, tapping 2-in, BWD suction
pipes into 4-in. diameter SSD pipes in two houses. in

Pennsylvania (Houses 7 and 20 in Sc88) resulted in

comparable drops in the suctions in the SSD pipes in both
houses (from about 0.9 to about 0.1-0.2 in. WG). How-
ever, the impacts on basement radon concentrations were
different in the two houses. In House 20, the BWD
component improved performance, whereas in House 7,
performance degraded, despite effective depressurization
of the block walls. Apparently because of the specific
characteristics of House 7, 4 pipe diameter even smaller
than 2 in. would be warranted, if a BWD component is to
be helpful at all.
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Commercial mitigators also report using 1- to 2-in. diam-
eter BWD suction pipes, when adding BWD componenis
10 SSD systems (Mes90b, K192). Some mitigators also
use dampered or valved 4-in. pipe for the BWD legs,
although other mitigators express concem regarding pos-
sibly inadequate reliability of the dampers and high costs
of the valves. The successtful SSD + BWD installations
that have been reported using 4-in. pipe for the BWD legs
without dampers or valves, have been cases where the
BWD component consisted of one or two pipes treating
only the stéem wall between a basement and an adjoining
slab on grade (Ni89, Tug9),

Degree of wall sealing. Best performance with stand-
alone BWD systems has consistently been achieved in
houses where the block wail had a top course of solid cap
blocks, or where the open voids in the top course were
accessible for effective closure. However, the actual ef-
fect of closing the 1op voids has not been well quantified;
in almost all cases, the closure was completed before
system performance measurements were made. In only
one case have results been reported with and without the
top voids closed (House OP-16 in Nig9). In that house,
pre-mitigation concentrations in the basement (about 55
pCi/L) fell only to 23 pCi/L. when a stand-alone indi-
vidual-pipe BWD systern was activated without closing
the top voids (according to a 1-week continuous measure-
ment made in March). Closure of the top voids reduced
basement levels to 2.3 pCi/l., based upon a 5-day con-
tinuous measurement the following July. The difference
in weather between the two measurements, as well as the
closure of the top voids, could have contributed to the
much lower reading obtained after closure,

The effects of other types of wall closure on BWD
performance have not been well defined. In one Tennes-
see house where a basement SSD system was being
supplemented by BWD on a block wall on the interior of
a stone foundation wall (House DW43 in Py90), coating
the porous face of the block wall with a surface bonding
cement reduced basement radon levels from about 18
pCi/L. 1o 4-5 pCi/l. with the system operating. Such
coating of the block surface is usually necessary only
when the block is unusually porous.

Mitigation system operating variables

Fan capacity. Most of the testing of BWD systems, and
of SSD+BWD systems, appears t0 have been conducted
using the 90-watt, 270-cfm cenwrifugal in-line tubular
fans at full power. In view of the generally high flows
expected from BWD systems, use of smaller fans would
not appear to be advisable. No data have been reported
quantifying the effect of fan capacity on BWD perfor-
mance. -

Fan in suction vs. pressure. Block-wall systems with
the fans operating to pressurize the wall cavities, are
discussed in Section 2.4,

e) Geology/climate variables
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« Source strength. High source strength could be contrib-

uting to some of the apparent effects of other variables
discussed earlier for stand-alone BWD systems. Both of
the Pennsylvania houses which offered difficulties in
wall closure and which were not consistently reduced
below 4 pCi/L. in the basement (Houses 7 and 16) also
likely had the highest source strengths of any of the

. houses tested with stand-alone BWD systems. As an

indicator that the source strengths were likely high, the
pre-mitigation radon concentrations in these basements
were 402 and 395 pCi/L, respectively, the highest among
the tested houses, Thus, source stwength, as well as diffi-
culties in wall closure, could have been contributing to
the lesser success in these two houses.

On the other hand, the one house in New York (OP-01)
where BWD successfully reduced levels below 4 pCi/LL
despite the fact that suction was drawn on only one
uncapped wall, also had one of the lowest source strengths.
Cold-weather pre-mitigation radon levels in the basement
were 21 pCifL. The relatively lower source strength could
have facilitated the apparent success of BWD in this
house. ,

Intitively consistent with the above results is the fact
that both of the houses which were reduced below 2 pCi/
L with stand-alone BWD systems (House 14 in Pennsyl-
vania, House AR-01 in New York) appeared 1o have
relatively low source strengths (with pre-mitigation base-
ment concentrations of 36 and 17 pCi/L), combined with
the ability to effectively close the top voids. The remain-
ing houses which were reduced below 4 pCi/L., but not
below 2 pCi/L., alt had higher pre-mitigation levels (55 to
350 pCi/L).

However, it is noted that even houses which apparently
have relatively high source strengths (with pre-mitigation
basement concentrations of 150 to 350 pCi/L) have been
reduced below 4 pCi/L. with stand-alone BWD systems,
where the house was amenable. And conversely, in one
house where the source strength appeared relatively lower
(House 19 in Pennsylvania, with a pre-mitigation base-
ment level of 32 pCi/L), BWD was unsuccessful. Thus,
the source strength (or the pre-mitigation indoor concen-
tration, as a surrogate for source strength) does not, by
itself, suggest whether a stand-alone BWD system might
be successful, ‘

A high source strength could be an important factor in
determining whether a BWD component needs to be
added to a SSD system. Failure of a stand-alone SSD -
system to fully treat a block wall will be more serious
when the remaining soil gas which continues to enter the
wall has extremely elevated radon concentrations.

Permeability of underlying soil. There are no data
relating the performance of BWD systems {(or the need
add a BWD component to a SSD system) to soil perme-
ability. However, it might be anticipated that poor soil
permeability could increase the likelihood that a BWD



component might be needed on a SSD system, since this
could reduce the ability of the SSD system to treat the
exterior face of the block wall, or to intercept the soil gas
before it reaches the foundation.

Climatic condifions. Because of the relatively low
depressurizations created inside the wail cavities and
beneath the slab by stand-alone BWD systems, it would
be expected that BWD will be much more subject than
SSD 1o being overwhelmed by weather-induced depres-
surizations of the basement. The thermally induced de-
pressurization of the basement during cold weather would
be about 0.015 in. WG in a iwo-story house (Sau89). By
comparison, the sub-slab depressurizations maintained
by stand-alone BWD systems have been measured rang-
ing from 0.001 t0 0.012 in. WG in houses having moder-
ate to good sub-siab communication (Fi91). Depressur-
- izations inside the walls have not been reported, but they

are likely well below the suctions of 0.01 t0 0.15 in, WG
measured in BWD pipes near the point where they pen-
etrate into the wall.

Mitigation system durability

Radon reduction performance. Of the 38 EPA mitiga-
tion installations in eastern Pennsylvania which have
been monitored since 1985-87 (Fi91), five have been
stand-alone BWD systems. Winter-quarter alpha-track
measurements in those houses over the 3 years following
installation have remained very steady in all five houses.
Only in one house (House 19) did any one winter's
reading vary from the three-winter average by more than
4 0.5 pCi/L. And even in House 19, where depressuriza-
tion of the basement by basement air ieakage into the
BWD system apparently was increasing radon entry
through slab cracks, basement concentrations remained
remarkably steady over the years (31.3 £ 2.5 pCi/L.).

System suctions and flows. System suctions and flows
remained steady over the 3 years since installation, in the
five stand-alone BWD installations that have been moni-
tored in Pennsylvania (Fi9}).

Equipment durability. There have been no fan failures
among the five stand-alone BWD installations under the
Pennsylvania project. Two of these five fans are the
standard 90-watt centrifugal tubular units; the remaining
three are 90-watt wall-mounted cenirifugal units having
comparable fan curves.

Homeowner intervention. Two of the five BWD fans
in Pennsylvania are known to have been turned off at one
time or another over the 3 years following installation. In
one case, the fan became unplugged accidentally; in the
second, the owner turned the fan off during the summer
when windows were commonly opened. This experience
is congistent with that for other ASD techniques.

2.3.5 Active Sub-Membrane
Depressurization

Active SMD has consistently proven to be the most effective
approach for treating crawl-space houses. Radon reductions in
the living area of the house have commonly been reduced by
80 10 98% by SMD in EPA study houses. Lesser reductions
have been observed in some cases, where pre-mitigation
levels were low, where there was an untreated adjoining wing,
or where a combination of factors prevented adequate distri-
bution of suction beneath the membrane (large crawl space,
very poor soil permeability, inadequate number of suction
pipes through the membrane, or inadequate sealing of the
membrane). In houses where a basement or a slab-on-grade
living wing adjoins the crawl space, a SSD or DTD system
treating the adjoining wing is often advisable, in addition to
(or perhaps instead of) the SMD component in the crawl
space.

SMD has occasionally been tested back-to-back against other
crawl-space treatment techniques: natural crawl-space venti-
lation (i.e., opening foundation vents); forced (fan-assisted)
crawl-space ventilation with the fan mounted to blow crawl-
space air outdoors (in an effort to achieve crawl-space depres-
surization); and forced ventilation with the fan blowing out-
door air into the crawl space (in an effort to achieve crawl- -
space pressurization). SMD has always provided distinctly
better reductions than have the other approaches (Fi90, Py90,
Py91, He92). The technique which has generally proven
second in effectiveness, after SMD, has been crawl-space
depressurization. There is undoubtedly a crawl-space ventila-
tion/ depressurization component to SMD systems, as well,
since crawl-space air leaks into the SMD system through
openings in the membrane and is exhausted. However, con-
centrating the ventilation/depressurization in the region be-
neath the membrane appears to more effectively intercept the
radon and prevent its entry into the living area.

Based on EPA’s mitigator survey (Ho91), commercial mitiga-
tors report using SMD over one-third of the time in crawl-
space houses. According to this survey, about one-third of the
crawl-space houses are treated using natural crawl-space ven-
tilation or forced ventilation (crawl-space pressurization or
depressurization), and the remaining third are treated using
barriers or sealing. From discussions with mitigators in re-
gions where crawl-space houses are relatively common (Sh91,
An92, How92, K192), SMD is the technique of choice in
houses having an accessible craw] space with no adjoining
wing. Where there is an adjoining basement or slab-on-grade
wing which is being treated using SSD or DTD, the crawl
space wing may be treated using one of the ventilation ap-
proaches or sealing rather than SMD, although sometimes a
SMD component is added to supplement the SSD system.
Where the crawl space is inaccessible for installation of a
SMD system, a crawl-space ventilation approach is usually
employed (Tu%1c, He92, K192).

EPA has obtained results from testing SMD systems in 10
crawl-space houses not having adjoining wings (NiR9, Os89b,
Fi%0, PyS0, Du91). Pre-mitigation concentrations in the living
area typically ranged from 3 to 33 pCi/L, although one house
had a level of 160 pCi/L. Nine of these houses were reduced
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below 4 pCi/L, and six were reduced below 2 pCi/L. The
house having the pre-mitigation level of 160 pCi/L was among
those reduced below 2 pCi/L, although the SMD system had
to be supplemented with a BWD component and a well water
treatment system to achieve this reduction (Ni89). The appar-
ent performance in this latter house may be exaggerated, since
post-mitigation measurements made in April are being com-
pared against pre-mitigation measurements made the preced-
ing October through December. The one house not reduced
below 4 pCi/L had an unusually shaped crawl space (100 ft
long and 23 ft wide), and was reduced from 33 to 5 pCi/L. in
the living area (Py90). In an effort to treat this long house with
highly impermeable soil, porous matting was placed beneath
portions of the membrane to aid in extension of the suction
field, two suction pipes penetrated the membrane, and the
membrane was sealed everywhere (Py90).

All of the houses except one had radon reductions of 80% or
greater in the living area. The house having a lesser percent-
age reduction {63%) experienced this relatively low percent-
age because of low pre-mitigation concentrations, 7 pCi/L
(Py90). A second house with low pre-mitigation levels (3 pCi/
L.y might also have had lving-area reductions below 80%. but
this is uncertain because post-mitigation levels in the living
area were not reported (Os89b).

The instaliations in the 10 houses above vary in their designs.
In some cases, more than one suction pipe penetrated the
membrane. In some cases, the SMD suction pipe was drawing
suction on a length or a loop of perforated piping placed under
the membrane. In some cases, the membrane was sealed
everywhere (at seams between sheets, around the crawl-space
perimeter, around interior piers); in other cases, it was sealed
only in some locations, or nowhere, In a few cases, the
membrane did not cover the entire crawl-space floor. In two
cases, porous matting was placed beneath at least a portion of
the membrane to improve suction ficld distribution. In a
number of these cases, the system performance might have
been improved by taking additional steps, such as increasing
the number of suction pipes or increasing the membrane
sealing effort. Such additional steps might have increased the
number of the houses reduced below 2 pCi/L.

The pre- and post-mitigation measurements reported for the
10 houses represent a range of measurement methods and
durations, ranging from several-day measurements with con-
tinuous monitors or charcoal detectors, to 3- to 12-month
alpha-track detector measurements. Thus, some of these mea-
surements better represent the long-term performance of these
SMD systems than do others. However, it is clear that, over-
all, the SMD systems are being very effective.

In addition 1o the results from the 10 “pure” crawl-space
houses (having no adjoining wings), EPA has also obtained
results from SMD systems in 14 houses where a basement or
slab-on-grade living wing adjoined the crawl space (Sc88,
Gi90, Mes90a, Py90, Du9l). In 11 of the 14 houses, a base-
ment adjoined the crawl space; in all of these houses, the
SMD system was supplemented with a SSD or DTD system in
the basement. In the three houses where a slab on grade
adjoined the crawl space, the slab-on-grade wing was not
directly treated.

In all 11 houses where an adjoining basement was also being
treated, the combined SSD/DTD + SMD system achieved
radon reductions greater than 90%. All of the houses were
reduced below 4 pCi/L., and 9 of the 11 were reduced below 2
pCi/L in the basement.

Among the three houses with an untreated adjoining slab-on-
grade living wing (Py%0), two were reduced below 4 pCi/L,
and none were reduced below 2 pCi/L in the living area above
the crawl space. Both houses reduced below 4 pCi/L experi-
enced radon reductions of 80% or greater. The one having the
bestresults (92% reduction, 1o a post-mitigation level of 2.2
pCi/L) had no membrane at all, but was being treated by four
suction pipes buried in bare soil (i.e., what is referred to in this
document as site depressurization). The one house not re-
duced below 4 pCi/L achieved only moderate reductions
(from 28 to 15 pCi/L, a reduction of 46%). It is not clear why
the SMD system in this last house performed so poorly.
Perhaps the slab on grade was an important radon source,
although it was relatively small (a 300 £t* converted garage)
compared to the crawl space (900 ft%).

The experience of commercial mitigators with SMD systems
has been more limited than with SSD and DTD systems,
Houses having a crawl-space substructure represent a rela-
tively limited percentage of the housing stock {about 14% of
the total new housing starts in the U.S. between 1976 and
1983, according to the National Association of Home Build-
ers). Moreover, crawl-space houses may be less prone to
having elevated radon levels in the living area. Mitigators
working in regions having a relatively high percentage of
crawi-space houses report that properly designed SMD sys-
tems are consistently very effective, commonly reducing in-
door radon leveis below 2 pCi/L (Sh91, An92, How92, K192),

The following discussion suminarizes the resulis to date for
each of the variables that can influence system design, opera-
tion, and performance. :

a) House design variables

» Nature of crawl-space floor. Many crawl spaces have
floors comprised of bare native soil. In some cases, this
soil floor is covered with a layer of gravel, and/or with a
plastic vapor barrier. Crawl spaces having a concrete slab
as a floor, or an integral unfinished concrete “wash”
floor, are usually considered for treatment using SSD,
and are thus not considered in this discussion of SMD.

Where the crawl-space floor is bare soil, the permeability
in the native soil is often poor. Despite this, good perfor-
mance of SMD systems has generally been achieved -
without special provisions to extend the suction field,
unless the crawl space has been larger than about 1,500
ft. In those cases- where permeability was poor and the
crawl space was large, performance has been improved
through the use of perforated piping under the membrane
(Fi90, Du91, An92, K192), multiple individual suction
pipes (Py90), or sub-membrane matting (Py90). As dis-
cussed later, the effects of one vs. two suction pipes in
such cases have been defined (Py90). Unfortunately, the
systems have not been tested with and without perforated
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piping, or with and without matting, so that the exact
effects of those design selections are not clear.

In one house in Tennessee where the permeability of the
floor soil seemed relatively good from visual appearance
(House DW31 in Py90), a reduction of 92% was achieved
in the living area (to 2.2 pCi/L) with no membrane at all
(i.e., site depressurization). In that case, four suction
pipes were installed, drawing suction on covered pits in
the four guadrants of the crawl space. Testing of a simpler
site depressurization system in four crawl-space houses
in Ohio (Fi90), where the clay soil was impermeable, and
where the system consisted of a single pipe embedded
about 10 ft deep into the soil outside the crawl space,
gave no measurable indoor reductions. Site depressuriza-
tion would be expected to work best in cases where a
suction could be drawn on a relatively permeable soil
layer capped by a relatively impermeable layer. House
DW31 in Tennessce is the only house where the site
depressurization approach has been successfully demon-
strated to date in the U.S.

Where the crawl-space floor is covered with gravel, it
would be expected that the gravel would facilitate. the
distribution of suction beneath the membrane with a
single suction pipe, analogous to the effect of gravel
beneath a basement slab., Gravel could also increase
flows beneath the membrane, facilitating the leakage of
crawl-space air into the system via any unsealed seams in
the membrane. This increased air flow may or may not
make compleie sealing of the membrane more important
when gravel is present. Gravel was present on the floors
of 5 of the 24 EPA stndy houses discussed previously
(Fi%0, Mes%0a). The crawl spaces with gravel in Fi90
were relatively large, one as big as 2,700 ft*; however, the
SMD systems all used sub-membrane perforated piping,
so that any role of the gravel in enabling a single pipe 10
treat such large houses was not determined. The crawl
spaces with gravel in Mes9)a were small (300 ft*) wings
adjoining basements; such small wings would be ex-
pected to be effectively treated whether there were gravel
or not, and, in addition, the effects of the basement
weatment masked any role of the gravel. The crawl
spaces in a given project having gravel floors did not
produce higher flows or lower suctions in the SMD
piping than did those in the same project having floors of
bare soil.

In summary, it would be expected that gravel could
improve SMD performance, by improving suction field
extension. However, the available data are not sufficient
to permit determination of the effect of gravel floors.

~In many cases, a pre-existing vapor barrier will already
be down on some portion of the crawl-space floor. Such
pre-existing barriers may not be sufficiently complete, or
sufficiently neatly deployed, to serve as the membrane
for a SMD system. However, such existing sheeting has
commonly been incorporated into the membrane for the
system, with the pre-existing plastic being straightened
out and overlapped, and with new plastic being put down
over areas not already covered. Where the pre-existing
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plastic is in good condition, it does not generally appear
that SMD performance is degraded by making use of the

existing plastic (Fi90).

Most of the crawl-space houses tested in the EPA projects
have had relatively flat, even floors, which facilitated
placement of the membrane sheets over the floor. More
irregular floors, such as those with rock outcroppings,
could impact the ability to cover the entire floor, or could

.. Tequire sub-membrane matting (or a thicker membrane)

to reduce the risk of membrane punctures due to traffic in
the-crawl space. Typically, with flat floors, 6- to 10-mil
thick polyethylene membranes (or thinner cross-lami-
nated membranes of equivalent thickness), without mat-
ting, have been used both in the EPA projects and com-
mercially. More expensive 15- to 20-mil polyethylene
has been used in two of the EPA projects where floors
were flat but heavy traffic was expected (Os89b, Gi90);
reinforced resin industrial pit liner material has been used
in one study where extremely rugged floors were encoun-
tered in northern Alabama (Ma88). In one house in New
York having rock outcroppings in the crawl space (House
OP-05 in Ni89), matting was placed beneath the mem-
brane where it covered the rocks, apparently in part to
improve sub-membrane communication as well as to
provide punchure resistance.

Crawl space accessibility. In some cases, inaccessible
portions of the crawl space can apparently be left uncov-
ered by the membrane without serious degradation in
SMD performance.

In one house in Ohio where the central portion of the
crawl space was inaccessible due a forced-air air condi-
tioning unit, no attempt was made to cover the central
crawl space (House 24 in Fi90). (Pre-existing vapor
barrier material was present in the central portion of this
slab, but it did not cover the floor completely.) New
membrane for the SMD sysiem was extended out from
the perimeter wall for the width of one sheet (abous B ft),
around the entire perimeter, Suction was drawn on a loop
of perforated piping placed around the perimeter, beneath
the membrane. Living area concentrations were reduced
from 16 to below 2 pCi/L. with this system. Because the
perforated piping was immediately beside the perimeter
wall, it was felt necessary to carefully seal the perimeter
of the membrane to the wall, to reduce crawl-space air
leakage into the system. The results from this house show
that complete coverage of the floor is not always neces-
sary. However, in this case, the cost saving achieved by
avoiding coverage of the central area was partially offset
by the cost involved in sealing the membrane to the
perimeter wall, a step which might have been less neces-
sary had the suction been drawn toward the central por-
tion of the slab.

In some cases, the crawl space is largely or completely
inaccessible. For example, some crawl spaces have only
about a foot of headroom throughout (“suspended floors™).
In such cases, SMD is not an option. Forced exhaust
ventilation of the crawl space (crawl-space depressuriza-
tion) will commontly be preferred in such cases; however,



if backdrafting of combustion appliances is a concemn,
crawl-space pressurization may be preferred (Tu91c).

Nature of foundation wall. There are insufficient data
on SMD systems to enable an assessment of the effect of
block vs. poured concrete foundation walls. All but three
of EPA’s 24 crawl-space study houses had block founda-
tions; the three having poured foundations did not achieve
better reductions than did those having block founda-
tions. Since all but 2 of the 24 houses were reduced below
4 pCi/L, and since 15 were reduced below 2 pCi/L, it
would appear that to the extent that the blocks may have
been contributing 1o radon entry, the SMD system was
largely addressing that entry route.

Some mitigators take steps to help ensure that a SMD
system will treat the block wall (Sh91, An92, KI92).
Steps include, for example, extending the membrane up
the entire interior face of the wall inside the crawl space
{Sh91), or drilling holes through the interior block face
beneath the level at which the membrane is attached
(K192). There are no data defining the effectiveness of
these steps.

House size. In summary, the data are too limited, given
" the number of variables being varied, to make a definitive
statement regarding the effect of house size on SMD
performance. However, it would appear that where perfo-
rated piping is placed beneath the membrane, or perhaps
if gravel is present on the crawl-space floor, the size of
the crawl space is not critical. With perforated piping
and/or gravel, crawl spaces as large as 2,700 ft2 have
consistently been reduced below 2 pCi/L.

But where perforated piping is not placed beneath the
membrane, and where there is no gravel on the floor,
SMD performance secems consistently to be reduced.
Levels still often appear 10 be reduced below 4 pCifL
under these conditions, even with crawl-space floor areas
as large as 1,500 to 2,000 ft*. However, without sub-
membrane perforated piping or gravel, there is an in-
creased likelihood that multiple suction pipes through the
membrane will be required; and/or living-area concentra-
tions will be less effectively reduced (or may even remain
elevated).

Accordingily, with crawl spaces of 1,500 to 2,000 fi
where no gravel is present, and, in some cases, in even
smaller crawl spaces, serious consideration should be
given to installing perforated piping beneath the mem-
brane, especially if it is desired to reduce living-area
concentrations 1o 2 pCi/L and less. Some mitigators have
reported often achieving levels below 2 pCi/L. with SMD
systems having one individual suction pipe and no sub-
membrane perforated piping (Sh91, How92). However,

the data from EPA’s relatively limited number of study

houses suggests that living-area levels below 2 pCi/L.
may not be reliably achieved, even in relatively small
crawl spaces, unless perforated piping or gravel are present.

One EPA study house having a crawl-space floor area of
2,700 f1* was reduced from 17 pCi/L to below 1-2 pCi/L
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in the living area with a SMD system and no adjoining
basement wing (Hounse 22 in Fi90). The good perfor-
mance in that particular house may be due in part to the
fact that there was gravel over the floor, and a perimeter
loop of perforated piping was installed, facilitating distri-
bation of the suction field beneath the membrane, In a
second house, having a crawl space of 2,050 ft* (House
28 in FiS0), living area levels were also brought below 1-
2 pCi/L even though there was no gravel to aid in suction

.. field distribution, But again, two parallel lengths of

perforated piping were installed beneath the mem-
brane; in addition, the membrane was sealed every-
where, and the pre-mitigation levels were only
slightly elevated (5 pCi/L).

All of the other 13 crawl-space study houses that were
reduced below 2 pCi/L in the living area were smaller
(with crawl-space floor areas ranging between 300 and
1,300 ft*). Each of these other houses also had one or
more other factors working in their favor: low pre-mitiga-
tion concentrations (as low as 3 1o 5 pCi/L. in several
cases); an adjoining basement wing that was also being
treated with SSD or DTD (responsible for most of the
measured radon reductions); sub-membrane perforated
piping; gravel on the floor; or, in one case, simultancous
BWD and well water treatment supplementing the SMD
systemn.

Among the 15 EPA study houses that were reduced o 2
pCi/L. and less (out of the 24 houses total), only three
houses were reduced below 2 pCi/L in the living area by
SMD alone (without SSD in an adjoining basement)
which did not have sub-membrane perforated piping to
help distribute the suction field in the crawl space. One of
the three houses had a 300 ft crawl space and an adjoin-
ing basement, but obtained levels below 2 pCi/L. when
only the SMD leg of the mitigation system was operating
(House 582 in Mes90a). The second house had a 930 fi
crawl space (Os89b). The third house (House OP-05 in
Ni89) had a 1,500 £ crawl space (Br92), Each of these
houses had other circumstances that may have aided in
achieving the low levels. The house with the 300 ft? crawl
space, in addition to having only a small crawl space
wing, had a gravel floor and a low pre-mitigation radon
concentration (4.3 pCi/L), The second house had low pre-
mitigation levels in the living area to begin with (3 pCi/L.,
based on grab samples), and did not have good post-
mitigation measurements in the living area. The third
house, House OP-05, included fibrous matting under
portions of the membrane over bedrock outcroppings, to
aid in suction field extension, Moreover, -this house re-
quired BWD and water treatment components to be re-
duced below 2 pCi/L, and the low post-mitigation mea-
surement was made during mild weather (April).

The nine EPA study houses not reduced to 2 pCi/L or less
had neither perforated piping nor gravel beneath the
membrane. Seven of these nine houses were reduced to
living-area concentrations below 4 pCi/L, though not
below 2 pCi/L; these seven houses had crawl-space floor
areas ranging from 300 to 2,000 £, Only one of these
seven houses had a crawl-space floor area greater than



1,500 f¥* (House DW29 in Py90, with a floor area of
2,000 f2 and a pre-mitigation level of 16 pCi/L). In this
house, a one-pipe system achieved only 7 pCi/L in the
living area, and a second pipe had to be installed to
reduce living-area levels to 3 pCi/L.

Of the two EPA study houses not reduced below 4 pCi/L.
by SMD, one (House DW27 in Py90) had an unusually
elongated floor plan, with a crawl-space floor area of
2,300 f1?, which likely contributed to its poor perfor-
mance. Even a second individual suction pipe through the
membrane could not reduce levels below 5 pCi/L. The
other house (DW60 in Py9() had a crawl-space floor area
of only 900 fi%, but had an untreated adjoining slab-on-
grade wing. Again, neither had sub-membrane perforated
piping or gravel on the floor.

Adjoining wings. Where the EPA study houses have
had basement wings adjoining the crawl spaces, treat-
ment of the basement (using SSD or DTD) has commonly
supplemented the crawl-space SMD system. In most
cases, the relative contributions of the SSD/DTD compo-
nent and the SMD component have not been isolated, so
that it cannot be determined how necessary the SMD
component was (or how necessary the SSD/DTD compo-
nent was).

In three basement-plus-crawl-space houses in Maryland
where the individual contributions of the two components
were separated out (Mes90a), the two componenis fo-
gether always achieved lower indoor radon levels than
did either component alone. But in two of the three
houses, basement treatment alone was sufficient to re-
duce levels below 1-2 pCi/L, and the SMD component
had only a minor incremental effect. The one house
where the SMD component was important (House 1357)
was the only house where basement sub-slab communi-
cation was poor, and where the crawl-space appeared to
be an important radon source based upon soil radon
concentrations. In that house, basement concentrations
were reduced from 11 to 3 pCi/L with SMD treatment
only, whereas basement SSD by itself (with a one-pipe
SSD system) reduced levels only to 6 pCi/L. The two
components together reduced the basement to 1.2 pCi/L.
The success of the basement-only treatment in the other
two houses could be due in part to the low pre-mitigation
concentrations in these other houses (4.2-4.8 pCifL).

The three EPA study houses which had slab-on-
grade living areas adjoining the crawl spaces were
all treated with SMD only, with no attempt to apply
$SD to the adjoining slab (Py90). In two of these
houses, treatment of the crawl space alone was
sufficient to reduce living-area concentrations from
16-26 pCi/L, down to 2-3 pCi/L. These two houses
inciude one (DW31) where the slab-on-grade wing was
almost as large as the crawl space, and where the SMD
system included four suction pipes and no membrane
(i.e., site depressurization), However, the third house
with an adjoining slab on grade was reduced only from 28
to 15 pCi/L, despite the fact that the crawl space was
relatively small (900 ft¥ and the adjoining slab was

b)
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significantly smaller (a converted garage having only 300
g

Of the 15 EPA crawl-space study houses reduced below 2
pCi/L, 9 had adjoining basement wings which were being
treated with SSD or DTD, supplementing the crawl-space
SMD system. Stated another way, out of the 11 study
houses having an adjoining basement wing being treated
by S8D or DTD, only 2 were not reduced below 2 pCi/L.

" ‘While not definitive, the above data, taken overall, seem

to be clearly suggesting that any wing adjoining the crawl
space should normally be treated in addition to (or instead
of) SMD in the crawl space. The relative importance of
treating the adjoining wing vs. the crawl space may vary
from house to house. However, in most cases, SSD or
DTD in the adjoining wing will probably be important;
and, in many cases, it will likely be more important than
SMD in the crawl space.

House operating variabies

Operation of central furnace fan. Investigators
who have measured sub-membrane depressurizations
in SMD systems not having perforated piping or gravel
beneath the membrane, consistently report that de-
pressurizations drop below 0.0 in, WG within 6 to 10
ft of the suction pipe (0s89b, Py90), and beiow 0.001
in. WG within 10 to 15 £t (Py90).

Where a central forced-air furnace is present in the crawl
space, operation of the furnace fan can be expected to
have several complex effects. One effect will be that the
leaky cold-air return ducts will create some depressuriza-
tion of the crawl space, mitigated to some extent by the
general leakiness of craw! spaces. This depressurization
would work against the sub-membrane depressurization
created by the SMD system, tending to draw sub-mem-
brane gases up into the crawl space through leaks in the
membrane. A second effect will be that the radon-con-
taining crawl-space air that is sucked into the return
ducting will be distributed throughout the house, dramati-
cally increasing the interzonal transfer of air between the
crawl space and the living area.

The question is whether the fumace fan will depressurize
the crawl space sufficiently to overwhelm the sub-mem-
brane depressurization, drawing more soil gas into the
crawl space and then helping to distribute it throughout
the house. Based upon the data from Os89b and Py90
above, a crawl-space depressurization as low as 0.001 in.
WG could nominally be sufficient to overwhelm the
system.

Limited data have been reported for two Alabama houses
regarding the effects of a central furnace fan in the crawl
space on crawl-space pressures (Houses HU11 and HU12
in Mag86b), In HU12, central fan operating decreased the
pressure in the craw! space (relative to outdoors) by less
than 0.001 in. WG. Nominally, this increase in crawl-
space depressurization could help to overwhelm sub-
membrane depressurization at points remote from the
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SMD suction pipes. But in House HU11, operation of the
central fan appeared to increase the crawl space pressure
{by somewhat more than 0.001 in. WG) relative to out-
doors. If this measurement is correct, the central fan
would be aiding the SMD system, increasing the effective
sub-membrane depressurization relative to the crawl space.
These reported central fan effects are somewhat in gues-
tion. The pressure effects are small (often below the
sensitivity of the measurement device); and the numbers
are the average of several measurements made over the
course of a day, so that temporal variations could have
infivenced the resuits,

The measurements of crawl-space pressures in Ma8%b
were not accompanied by measurements of crawl-space
radon concentrations or of SMD system performance.
Thus, it is unknown whether the measured pressure ef-
fects would have in fact overwhelmed a SMD system, or
have increased indoor radon levels.

The effects of the central fumace fan on interzonal air
transfer between the crawl space and the Hving area have
been reported on these same two houses (Ma89b). These
data, based upon freon tracer testing, confirm that inter-
zonal flows can increase significantly (e.g., from about
50 to about 200 cfm in HU11). Thus, to the extent that a
central fan in the crawl space did increase ‘crawl-space
radon levels, the forced-air system would serve to distrib-
ute the radon through the house.

Mitigation system design variables

Method of distributing suction beneath membrane.
Two primary approaches are considered for distributing
suction: 1) drawing suction on perforated piping beneath
the membrane (analogous to DTD); and 2} installing one
or more individual suction pipes through the membrane
at various points, with no sub-membrane perforated pip-
ing (analogous to SSD). No data exist comparing a SMD
system in a single house with and without perforated
piping beneath the membrane,

In summary, as discussed previously under the section on
House size, the data are not fully definitive, given the
number of variables that were being varied. However, the
wrend clearly suggests that perforated piping may be
important in a crawl space of any size if the living area is
to be reduced to 2 pCi/L or less. And, especially if the
crawl-space floor area is larger than 1,500 to 2,000 fi2,
perforated piping may be important to ensure levels be-
low 4 pCi/L, at least without multiple suction pipes.

All nine of EPA’s SMD installations using sub-mem-
brane perforated piping were reduced below 2 pCi/L,

regardless of floor area (up to 2,700 f12). Only 3 of the 12

stand-alone SMD systems without perforated piping re-
duced the living area below 2 pCi/L, and all of these had
special circumstances which aided the achievement of
this low level. Of the two houses larger than 1,500 f* not
having sub-membrane perforated piping, one required
two suction pipes to be reduced below 4 pCi/l., and the
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other remained above 4 pCi/Ll. despite the use of two
suction pipes.

In addition to the results on these EPA-sponsored

installations, commercial mitigators report routinely
using sub-membrane perforated piping whenever lev-
els below 2 pCi/L. are desired and/or when the crawl
space is sufficiently large (An92, How92, K192),

.. All nine of the EPA study houses which have used sub-

membrane piping have been reduced to 2 pCi/L and less
in the living area (Sc88, Fi90, Gi90, Du91). The pre-
mitigation concentrations in these houses were typically

- 15-30 pCi/L, but were 40-60 pCi/L in two cases. These

reductions were achieved despite relatively large crawl
spaces (most ranging from 1,000 to 2,700 %, except in
three houses where the crawl-space was a 200 to 600 fi?
wing adjoining a basement). In three of the four “pure”
crawl-space houses in Ohio (Fi90), this good perfor-
mance might have been aided by the presence of gravel
on the crawl-space floor, In the two Alabama houses
(Du91), the two Marvland houses (Gi90), and the one
Pennsylvania house (Sc88), which had basements adjoin-
ing the crawl spaces, simultaneous SSD or DTD in the
basement wing was undoubtedly contributing signifi-
cantly to the high reductions achieved by the SSD + SMP
(or DTD + SMD) systems.

Among the nine essentially “pure” crawl-space houses
where no perforated piping was installed beneath the
membrane (NiB9, Os89b, Py90), in only two cases were
concentrations in the Iiving area reduced below 2 pCi/L
(although levels were reduced below 4 pCi/L in all but
two of the houses, as discussed in the section on House
size). Among the two houses where concentrations were
reduced below 2 pCi/L., one had a very low.pre-mitiga-
tion level of 3 pCi/L (OsB9b); the second required a
BWD and a water reatment component, in addition to a
three-pipe SMD system, to achieve this level in mild
weather (Ni89).

Six of EPA’s crawl-space study houses had adjoining
basements being treated by SSD or DTD, with no perfo-
rated piping beneath the membrane in the SMD compo-
nent (Mes90a, Py90). Of these six, four were reduced
below 2 pCi/l. without the perforated piping (Mes90a).
However, the crawl-space wings in these four combined-
substructure houses were relatively small (300 to 600 1),
and the basement SSD or DTD component of the mitiga-
tion system was playing the major role in achieving the
high reductions. In only one of these houses {(House 582)
was the SMD component adequate by itself to reduce
basement concentrations below 2 pCi/L; and this house
had the benefit of a low pre-mitigation level (less than 5
pCi/L. in the basement) and gravel on the crawl-space
floor to aid in extending the suction field.

The other two houses with adjoining basements and
without sub-membrane perforated piping on the SMD leg
of the system (Houses DW 14 and DW78 in Py90) were

* reduced below 4 pCi/L, but not below 2 pCi/L.. These two



houses had crawl-space wings of about 300 and 1,100 fi*,
respectively.

Another approach that has been considered to aid in
suction field extension beneath the membrane is to place
porous matting beneath the membrane. This approach has
the additional benefit of providing support to reduce the
risk of membrane punctures, but the matting would add
significantly to the installation cost, Sub-membrane mat-
ting has been tested in only two houses (Ni89, Py90). The
results have not been definitive, with one of the houses
still above 4 pCi/L. (Py90), and the other requiring a
BWD and water treatment component (and three SMD
pipes) to be reduced below 4 pCi/L (Ni89).

Number of suction pipes (where perforated piping is
not placed beneath membrane). No systematic study has
been conducted to assess the effect of the number of
individual SMD suction pipes penetrating the membrane
in cases where no sub-membrane perforated piping is
used. In general, only one suction pipe has been instatled.
The only houses in which the effect of one vs. two suction
pipes has been tested have been those cases where the
first pipe proved to be insufficient to reduce living-area
concentrations below 4 pCi/L.

In summary, a single pipe has commonly been sufficient
to reduce crawl-space houses as large as 1,500 f® below 4
pCi/L. in the living area, even when there is no gravel on
the floor, This is the case despite the fact that the limited
sub-membrane suction field extension data suggest that,
theoretically, a single pipe should not be able to effec-
tively treat an area that large, and despite the fact that the
membrane has not always been fully sealed. However,
one pipe has generally been insufficient to reduce these
houses below 2 pCi/L., except where the crawl space is
small (600 ft* or less, from the available data) and is a
wing adjoining a basement which is also being treated.

Data are limited from houses having crawl spaces larger
than 1,500 fi*. However, these limited data suggest that,
with such larger crawi spaces, more than one suction pipe
will likely be needed, at least when there is no gravel on
the floor. If gravel were present 1o help extend the suction
field, it might be expected that a one-pipe system would
do a better job., Intuitively, complete sealing of the mem-
brane should help reduce the number of suction pipes
needed in these larger houses, although the available data
are too limited to permit a definitive statement regarding
the benefits of membrane sealing.

Where sub-membrane depressurizations have been mea-
sured (Os89b, Py90), measurable depressurizations (i.e.,

down to 0.001 in. WG) have usually been found to extend

no more than about 10 to 15 ft from the suction pipe in
cases where the crawl-space floor is bare soil (no gravel,
no matting). The rule of thumb discussed in Section
2.3.1e for basement houses is that, ideally, sub-slab de-
pressurizations of approximately 0.015 in. WG (mea-
sured during mild weather) would be desirable to ensure
that a SSD system is not overwhelmed by the thermal
stack effect during cold weather, Sub-slab depressuriza-
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tions below 0.062 to 0.005 in. WG (measured during cold
weather) may be sufficient; however, such limited de-
pressurizations may occasionally be overwhelmed by
exhaust appliance operation. Sub-membrane depressur-
izations have been found to drop below that value within
6 to 10 ft of the SMD suction pipe. Thus, on the basis of
measured sub-membrane depressurizations, one would
estimate that, where no gravel is present to aid suction
field extension, one SMD suction pipe would be required

.. Toughly every 100 to 400 ft* if a depressurization of 0.01

in. WG were desired, or every 400 to 900 fi? if a depres-
surization of 0.001 in. WG were sufficient.

But in apparent contradiction to this calculation, houses
with crawl spaces as large as 1,500 ft* have consistently
been reduced below 4 pCi/L in the living area (from pre-
mitigation levels as high as 20 pCi/L) with a single
suction pipe penetrating the membrane at a central loca-
tion. This has been the case even when there is no gravel
on the floor to help distribute the suction field, and when
the membrane is not fully sealed.

The EPA program has included 13 crawli-space study
houses (including 6 with adjoining wings) having crawt
spaces of 1,500 ft* or smaller, where SMD systems have
been installed with no sub-membrane perforated piping
(Ni89, Os89b, Gi90, Mes90a, Py90). Of these 13, in only
one case was one pipe insufficient to reduce living-area
concentrations below 4 pCi/L (House DW6D in Py90,
with a 900 ft* crawl space, which had a small adjoining
slab-on-grade living area). On the other hand, the only
houses among these 13 which were reduced below 2 pCy/
L with a single pipe were four of the houses where the
crawl space was a relatively small (300 to 600 ft*) wing
adjoining a basement which was also being treated using
SSD or DTD (Gi%0, Mes90a). It is known that the base-
ment SSD or DTD component, not the SMD component,
was responsible for the low levels achieved in those four
houses.

Data are available from only two houses having crawl
spaces larger than 1,500 f*, where no perforated piping
was placed beneath the membrane (Py90). Neither house
had gravel on the crawl-space floor. The first house,
House DW27, had an unusually long, narrow crawl space
(approximately 100 ft by 23 ft, with a total floor area of
2,000 £%), One SMD suction pipe, toward one end of this
crawl space, could reduce the living-area concentrations
in this house only from 33 to 8-12 pCi/L. Adding a
second suction pipe, located toward the other end of the
crawl space, could reduce levels only to 5 pCi/L, despite
the fact that the membrane was sealed everywhere (around
the perimeter and around piers, and at seams between
sheets), and despite the fact that porous matting was
strategically placed beneath portions of the membrane to
improve suction field distribution. A small section (250
ft*) at one end of the crawl space had been paved, and
served as a basement on the same level as the crawl-
space; this small basement was not treated with SSD, and
thus could have been partly responsible for the failure of
this house to be reduced below 4 pCi/L..



The second house having a large crawl space, House
DW29, had a crawl-space floor area of 2,000 fi* and an
adjoining slab-on-grade living area (a converted garage)
of 600 ft>. With the membrane sealed around piers and
seams near the pipe penetrations but nowhere else, and
with no treamment of the slab on grade, one pipe toward
one end of the crawl space reduced living-area concentra-
tions from 16 to 6-7 pCifL. A second pipe, toward the
other end, reduced levels to 3 pCi/L.

There may be several reasons why a single SMD suction
pipe is able to treat a floor area greater than would be
estimated based upon the 0.015 in. WG rule of thumb.

Sub-membrane depressurizations much smaller than
0.015 in. WG—perhaps too small to be measured
quantitatively—may be sufficient to make the SMD
system effective. Chemical smoke visualization testing
around the unsealed perimeter of many of the mem-
branes in Reference Py90 confirmed that, aithough the
measurabie sub-membrane depressurization extended
only 10 to 15 ft from the suction point, some suction
was in fact extending all the way to the perimeter, since
smoke was being clearly drawn beneath the membrane
at that location (Br92).

The rule of thumb is based on the assumption that the
SMD systems function only by the mechanism of
reversing the direction of air flow between across the
membrane. That mechanisrm would suggest that the
sub-membrane region must in fact be depressurized
essentially everywhere almost all of the time if the
SMD system is t0 maintain good performance. In fact,
another mechanism can also contribute—ventilation of
the sub-membrane region, and dilution of sub-mem-
brane radon concentrations.

Or, depressurization of the entire crawl space, created
by leakage of crawl-space air into the SMD system,
could be reducing air flow up into the living area from
the crawl space and could be increasing crawl-space
ventilation, thus introducing a third mechanism.

Results have been reported from one house where site
depressurization was tested in the craw! space, i.e., “SMD”
with no membrane (House DW31 in Py90). The house
had a moderately sized crawl space (800 ft%), and an
adjoining skab on grade living area of comparable size. In
this system, the suction pipes terminated in pits excavated
in the soil floor, covered with treated plywood. The effect
of two vs. four suction pipes was tested. With two pipes
operating, one in each of two diagonally opposing quad-
rants of the crawl space, living-area concentrations were
reduced from 26 to about 10 pCi/L. With four pipes
operating, one in each quadrant, levels fell to 2-4 pCi/L.
Suction measurements in test holes drilled about 1 ft deep
into the soil floor confirmed that, with all four pipes
operating, the soil was depressurizéd by 0.005 in. WG or
greater at distances of 6 ft from the suction pipes.
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» Location of suction pipes (or of perforated piping).

The available data do not permit an assessment of the
effect of pipe location.

Where perforated piping has been placed beneath the
membrane, the data are insufficient to identify any differ-
ence between placement of the piping as a loop around
the perimeter vs. alternative configurations in a more
central location. Some mitigators who use perforated

. piping prefer a strip of piping down the middle of the

crawl space, for simplicity and to minimize air leakage
into the system through the perimeter seam and through
the block walls, Other researchers suggest a perimeter
loop of piping, because wind effects may cause the
greatest radon flux out of the soil to occur around the
perimeter (Sc90a); also, a perimeter loop would be ex-
pected to provide the best treatment of block foundation
walls, if the walls are thought to be a source. All perfo-
rated piping configurations have appeared to work well.,

Where no perforated piping has been placed beneath the
membrane, single-suction-pipe systems have generaily
had the one pipe penetrating the membrane at a central
location. Two-pipe systems have had one pipe in each
half of the crawl space, sometimes toward (but never
immediately beside) the perimeter wall. Since the suction
field appears to extend in roughly the same manner in al}
directions from the suction pipes (Os89b, Py90), i.e.,
since sub-membrane communication appears generally
uniform, such central location of the pipes would seem to
make sense. Intuitively, it would be desirable to locate the
pipe penetrations away from unsealed seams in the mem-
brane, to reduce the short-circuiting of crawl-space air
into the system. For example, if the perimeter of the
membrane is not sealed against the foundation wall, it
would seem desirable to locate the pipes at least 6 to 10 ft
from the walls, since that appears to be about how far the
measurable suction field may extend.

Size of suction pipes. The lowest SMD system flows
would be expected in cases where the membrane is
completely sealed, there is no gravel on the floor, and
there is not perforated piping beneath the membrane.
Where system flow measurements have been reported
under these conditions, flows have been between about
20 and 40 cfm with the standard 90-watt fans or equiva-
lent operating at full power (Os89b, Mes90a, How92).
Where the membrane is not completely sealed but condi- -
tions are otherwise similar (no gravel, no perforated
piping), limited data suggest a somewhat higher range, 30
to 100 cfm (Py90, Br92). Where gravel is present but
conditions are otherwise similar (membrane completely
sealed, no perforated piping), again, limited data suggest
a somewhat higher range, 30 to 100 cfm (Mes90a).

This range of flows from SMD systems with no sub-
membrane perforated piping (20 to 100 ¢fm) is almost
identical to that reported in Section 2.3.1c for SSD sys-
tems. As discussed in that earlier section, the proper
piping size for a given installation will depend upon the
specific piping configuration and fan performance carve
for that particular installaion. However, in general, the



commonly nsed 4-in, diameter piping will probably be a
reasonable choice. Three-in. piping can usually be con-
sidered in cases where desired for aesthetic reasons,
where the flows are sufficiently low, the piping run
sufficiently short, and/or the fan performance curve suit-
able. In selecting the pipe size, it should be recognized
that flows from SMD systems may increase over time as
some of the membrane seals break, or as the membrane
becomes punctured.

Where the membrane is completely sealed and there is no
gravel, as in the lowest-flow case above, but where
suction is being drawn on sub-membrane perforated pip-
ing, the observed range of SMD flows is 20 to 110 cfm
(ScB8, Fi9(, Bo9l, KI92). This range is similar to that
observed above where there is no sub-membrane piping
(including the no-perforated-piping cases without com-
plete seating and with gravel). Thus, where the mem-
brane is compietely sealed and where there is no gravel
with systems having sub-membrane piping, the consider-
ations in selecting the proper pipe diameter are the same
as those discussed above for systems without such piping.

The highest SMD flows might be expected in systems
where the membrane is not completely sealed, there is
gravel on the floor, and suction is being drawn on perfo-
rated piping under the membrane, In two such installa-
tions where flows were reported (Fi90), flows were in-
deed high, 190 to 200 c¢fm with a 90-watt fan operating at
full capacity. In each of these cases, the perforated piping
formed a loop around the crawl-space perimeter; the
membrane was sealed against the foundation wall, but did
not always completely cover the interior. In two other
installations where the membranes were completely sealed
but where conditions were otherwise similar (gravel,
perforated piping), flows were 100 cfm in one 300 ft*
crawl space and 220 cfm in a second, 1,300 fi* crawl
space. The particularly high flows in the larger house
may have resulted in part because the perforated piping
matrix included three lengths of parallel piping, con-
nected to a singie header.

In systems having flows in the range of 200 cfm, the use
of the common 4-in, piping could result in a significant
suction loss through the piping, depending upon the
configuration of the piping system. Thus, if the system in
fact has to be operated at such high flows, a mitigator
may sometimes have to consider the use of larger piping.
However, in the three houses having the flows between
190 and 220 cfm with the fan at full power, the systemns
were so effective with the perforated piping and the
gravel, that the fans could be operated at significantly
reduced power and still maintain indoor levels below 2
pCi/L. The final installations in these houses, with the
fans left operating at reduced power, typically had flows
in the range of 50 to 100 cfm, comparabie to that in
typical SSD systems. Thus, again, 4-in. piping may com-
monly be sufficient, but may not be crucial in some cases
if there is a pressing need to use smaller-diameter piping
for part of the piping route.
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+ Pits beneath membrane where pipes penetrate. In

houses having slabs with poor sub-siab communication,
an attempt is sometimes made to improve suction fiekd
extension by excavating a pit beneath the slab at the point
where the SSD pipe penetrates, This pit could fonction
both by reducing the pressure losses as the sub-slab gases
accelerate to pipe velocity, and by intersecting fissures or
good-communication strata beneath the soil surface. A
pit beneath the SMD membrane at the point where an

.. individual suction pipe penetrates (in cases where sub-

membrane perforated piping is not being instalied) might
be envisioned as working by similar mechanisms.

The available data are not sufficient to quantify the
performance benefits of excavating pits of various sizes,
compared against other methods for installing individual
suction pipes through the membrane.

Pits were excavated in the eight SMD installations in
Reference Py90, inciuding one in which there was no
membrane (site depressurization). No results are reported
assessing the effect of pit size.

More commonly in commercial installations, no pit is
excavated. Instead, the suction pipe is supported in some
manner on the floor of the crawl space, and the membrane
is sealed around the pipe at a height of perhaps a foot
above floor level (see Figure 6). Various approaches for
accomplishing this arc described later, in Section 8.5.2.
This method effectively provides a “pit” beneath the
plastic “slab” which would serve the function of reducing
the pressure losses from gas acceleration. The only differ-
ence is that in this case, the “pit” is created by raising the
“slab” rather than by excavating the soil.

Although raising the membrane will reduce pressure losses
due to acceleration as effectively as would excavation of
a pit, it will not accomplish the second objective of a pit,
namely, to intersect fissures and strata in the soil beneath
the SMD membrane, Since SMD probably functions
largely by sweeping away the radon that enters the region
between the membrane and the soil, the failure to help
extend a suction field through sub-surface fissures may
not be important. In any event, with the limited data
available, no improvement in radon reductions has been
demonstrated for the excavated pit versus the raised
membrane approach.

Nature of membrane. Almost all of the EPA proijects
and the reported commercial installations have used poly--
ethylene sheeting as the membrane material. Where the
crawl-space floor is relatively smooth and not much
traffic is expected, standard polyethylene sheeting as thin
as 6 mil has been used (Py%0). Such standard sheeting is
subject to puncture, and is protected by strips of heavier
material, such as ethylene propylene diene monomer
(EPDM), a rubberized roofing material, along expected
traffic routes in the crawl space. More commonly, thicker,
8- to 10-mil standard polyethylene, or cross-laminated
sheeting which is 8- to 10-mil eguivalent, and is report-
edly much more puncture-resistant than the standard ma-
terial, has been used (Bro90, Fi90, Mes90a, Jo91, Sh91i,



An92, XI92). In a few cases, especially in walk-in crawl
spaces where heavy traffic is expected, 15- to 20-mil
material (or equivalent) has been used, even where the
floor has been relatively smooth (Os89b, Gi90).

In several houses in Alabama where the crawi-space
" floors were rocky and irregular, heavy-duty reinforced
industrial pit liner material was used as the membrane
(Ma88).

Extent of membrane. In aimost all of the EPA study
houses and reported commercial installations, the SMD
membrane has covered the crawl-space floor completely.
The limited exceptions include

a) two houses in Ohio (Houses 22 and 24 in Fi90), where
an 8-t wide strip of membrane was placed around the
crawl-space perimeter {covering a perimeter perfo-
rated piping loop), and was connected to sheets of pre-
existing vapor barrier which covered the central por-
tion of the floor to a large extent (but not completely).

b) one house in Tennessee (House DW31 in Py90),
where no membrane was installed (i.e., where the
technique used was site depressurization).

In no case has back-to-back testing been reported of
different degrees of floor coverage.

As discussed previously, excellent results were obtained
in the Ohio houses, reducing living-area concentrations
from pre-mitigation values of 16-17 pCi/L. down to below
2 pCi/L. with the SMD fan at reduced power. But the tile
loop, and the gravel on the floors of both crawl spaces,
were likely contributing to the success of these installa-
tions. Moreover, the central portions of the floors were
not completely uncovered, since the pre-existing vapor
barrier was providing at least a partial membrane, Thus, it
is not clear how universally, and under what other condi-
tions, partial floor coverage will be satisfactory. Smoke
tracer testing in House 24 with the SMD system operating
did show that, at an uncovered portion of the central
crawl space, flow did appear to be upward from the
gravel into the crawl space.

These resuits in the Ohio houses suggest that, in fact,
flow reversal everywhere may not always be necessary
for good performance, and that, under the right condi-
tions, complete floor coverage might not be needed.
However, the data are so limited that no definitive con-
clusions can be drawn regarding when only partial cover-
age may be acceptable. Thus, at the present time, it is
recommended that the crawl-space floor be completely
covered if this is at all possible.

Because the perforated piping loops were immediately
beside the foundation wall in the two Chio houses, it was
felt to be necessary to effectively seal the membrane
against the wall, to reduce air short-circuiting into the
system. To ensure a permanent seal, this perimeter seal-
ing was accomplished by adhering the plastic sheeting to
the walls with a bead of sealant, then mechanically at-
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taching the plastic by sandwiching it between the wall
and a furring strip secured with explosively driven nails.
Testing was not conducted to confirm that this rigorous
perimeter sealing approach was indeed required. But if
such a tdme-consuming perimeter sealing effort did in
fact prove to consistently be necessary when the tiles are
beside the foundation wall, the increased cost of this
sealing effort could largely offset any savings achieved
by not having to cover the central portion of the floor

_ (He91b, He%1c).

As also discussed previously, the four-pipe site depres-
surization system in Tennessee House DW31 achieved
good results, reducing levels in the Hving area from 26 1o
Jjustabove 2 pCi/L, This result demonstrates that, in some
cases, no membrane is required at all. Since these results
were obtained on only one house, it is not at all clear how
widely this approach will be applicable. It would be
expected that site depressurization will be applicable only
in cases where the native soil in the floor is reasonably
permeable, as it visually appeared to be in DW31. Ide-
ally, the permeable soil stratum on which suction is being
drawn should be covered by a less permeable layer, to
reduce the short-circuiting of crawl-space air down through
the soil into the system, Terminating the suction pipes in
covered pits, as in DW31, is also Likely an important
consideration in the design of a site depressurization
system, in order to reduce pressure losses resulting from
soil gas acceleration and possibly to intersect more per-
meable fissures/strata,

A variation of site depressurization was attempted in four
crawl-space houses in Ohio (Fi90). In these houses, a
single 4-in, diameter pipe was embedded about 10 ft deep
into the soil outside the house, immediately beside the
foundation, and suction was drawn with a 90-watt fan. No
radon reduction was obtained in the living areas of these
houses. The lack of success in these installations was
likely due primarily to the impermeability of the native
clay soil. Other contributing factors could have been the
inability to excavate a suction pit beneath the pipe, and
the fact that the suction was not being drawn inside the
foundation. :

From these results in Tennessee and Ohio, it would
appear that the no-membrane site depressurization ap-
proach will be applicable only in potentially isolated
cases where special geological conditions are present, -

Degree of membrane sealing. Where alternative de-
grees of membrane sealing have been tested in a given
house, the limited results suggest that good performance
can often be obtained even when the membrane is not
sealed anywhere except in the vicinity of the suction pipe
penetration through the membrane. But to achieve such
good performance, the SMD fan must have adequate
capacity to handle any increase in flows resulting from
leakage through unsealed seams. The standard 90-watt
fans appear generally sufficient to handle unsealed mem-
branes, but significantly reduced performance has some-
times been observed when the fan has been operated at
reduced power under such conditions.



Although reasonable SMD performance has often been
observed in the relatively limited number of cases where
the membrane has not been completely sealed, the best
radon reductions at a given system flow have generally
been observed when the membrane has been completely
sealed, as would be expected. Where perimeter block
foundation walls are thought to be a potential source,
careful sealing of the membrane will be most likely to
extend the SMD suction field adequately to treat wall-
related entry routes. Moreover, by reducing the amount
of crawl-space air drawn into the system, sealing will
reduce the risk of backdrafting combustion appliances in
the crawl space, and should reduce the amount of treated
house air drawn into the system (hence reducing the
heating/cooling penalty). For these reasons, most mitiga-
tors routinely seal SMD membranes everywhere in com-
mercial installations. At the present time, complete seal-

ing of the membrane is recommended, if this is at all

possible, Complete sealing includes sealing at seams
between sheets; around the crawl-space perimeter; and
around interior piers or any other obstructions. (Sealing
around the suction pipe penetration through the mem-
brane is required in al cases.)

In House 28 in Ohio (Fi%0), the initial SMD configura-
tion tested consisted of inserting two individual suction
pipes through the pre-existing vapor barrier, which cov-
ered most of the floor. The seams between the sheets of
plastic were caulked where possible, but such caulking
was not possible everywhere. No effort was made to seal
the plastic to the perimeter foundation wall, There was no
gravel on the floor, With the 90-watt fan at full power,
this system reduoced living-area concentrations from 5-7
pCi/L,, down to 1.0 pCi/L. This initial system was then
replaced with two paraliel lengths of perforated piping
beneath an entirely new membrane. The sheets of the new
membrane were overlapped by a foot, and attached to
each other with polyethylene adhesive. The membrane
was attached to the perimeter walls with sealant and a
furring strip; it was not sealed around interior piers or
around an interior fireplace support structure, With the
fan again at full power, this upgraded system resulted in
living-area concentrations of (.5 pCi/l.. The difference in
radon levels with the two systems is so small that it is not
clear that the improved system had any real effect; and 1o
the extent it did have an effect, that effect could be due in
part to the addition of perforated piping beneath the
membrane, not just to the membrane sealing effort. The
flows from the two systems were the same, 130 cfm,
suggesting that the sealing did not reduce air leakage into
the system.

In a second Ohio house (House 33 in Fi90), the SMD
system was tested with and without the membrane being
seated around the perimeter. (The membrane was sealed
at seams between sheets in all cases.) The system in this
house consisted of three parallel lengths of sub-mem-
brane perforated piping, on a gravel floor. With the
membrane unsealed around the perimeter, living-area
concentrations were reduced from 17 pCi/L to 13 pCi/l.,
with the fan at very low speed (exhausting 18 cfm); and
0.4 pCi/L, with the fan at maximum speed (exhausting

62

224 cfm), After the perimeter was sealed, indoor levels
were reduced to 1.0 pCi/L, with the fan at a Jow speed
which was inadvertently higher than the very low speed
tested prior to sealing (exhausting 54 cfm); and 0.4 pCi/L
with the fan at maximum speed (exhausting 118 cfm),
Thus, at full fan power, similar indoor radon reductions
were achieved with and without perimeter sealing, but
sealing reduced the exhaust rate about in half, This sig-
nificant impact of sealing on flows is probably due in part

. to the presence of gravel. The effect of sealing at lower

fan speed cannot be determined, since the reduced speeds
tested before and after sealing were different.

While the comparison and interpretation of the figures
from House 33 is complicated by the differences in fan
speeds tested before and after perimeter sealing, two
possible effects of the sealing effort are apparent, First, if
the fan capacity is great enough, very good SMD perfor-
mance can be achieved even with the membrane perim-
eter unsealed. Second, when the membrane is sealed,
comparable performance may sometimes be achieved
with lower system flow rates than is possible without
sealing, thus reducing the risk of backdrafting and, likely,
the heating/cooling penaity. The good reductions ob-
served in these houses without complete membrane seal-
ing may have been due in part 1o the facts that a) sub-
membrane perforated piping was being used in both
cases, helping to ensure good distribution of the suction
field even with membrane leakage; and b) the gravel in
House- 33, again helping to ensure good suction field
distribution.

In four Maryland houses where a basement adjoined the
crawl space, the crawl-space SMD system was tested
with and without the membrane seaied to the foundation
wall around the perimeter (Mes90a). In all cases, the
membrane was sealed at seams between sheets, The
results with and without perimeter sealing were con-
ducted with only the SMD system operating; the $5D or
DTD system in the adjoining basement was disconnected-
during this testing. The SMD systems consisted of single
suction pipes penetrating the membrane at a central loca-
tion. Two of the houses had gravel on the floor, two did
not. In all four cases, sealing the membrane perimeter
redaced radon concentrations in both the basement and
the upstairs living area, usually by 0.5 to 1.6 pCi/L. (Pre-
mitigation levels in these houses were generally low, 3 to
11 pCi/L; thus, these relatively small changes in the
absolute radon reduction represented a fairly significant
increase in the percentage reduction.) While the absolute
reductions in radon concentrations were relatively small,
and thus subject to some uncertainty, the fact that levels
consistently went down after perimeter sealing suggests
that this could be a real effect. '

In most other reported studies, the SMD systems were
either tested only with the membrane sealed everywhere
(Ni89, GiS0, Py90, Du9l), or with the membrane sealed
nowhere except near the suction pipe penetration (Py90).:
The number of houses involved is too few, and the
number of other variables being varied is too great, to
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permit any assessment of the effects of membrane sealing
from these other studies.

Mitigation system operating variables

Fan capacity. Most of the reported SMD installations
have involved the 90-watt fans operating at full power.
Since fan capacity has generally not been varied, not
much can be said at this time regarding the ability to
achieve adeguate radon reductions with smaller fans or
with the 90-watt fans at reduced power. Given the moder-
ate flows usually measured in SMD systems (commonly
20 1o 100 cfm, as discussed under Size of suction pipes
above), and given the suction that appears 10 be necessary
to extend a suction field beneath the membrane (sce
Number of suction pipes above), use of 90-watt fans at
full power in SMD applications appears reasonable.

The one study reporting the use of 90-watt fans at re-
duced power has been the testing on four crawl-space
houses in Ohio (Fi90). These houses all had perforated
piping beneath the membrane, and three had gravel on the
floor, improving the potential for success with the fans at
reduced power. In three of these houses, operation of the
fan at low power, to exhaust about 50 cfm, reduced
living-area concentrations below 2 pCi/L, and often to 1
pCi/L and less (from pre-mitigation levels of 5-17 pCi/L).
In the fourth house {House 22), the fan had to be operated
at medium power, exhausting about 100 cfm, to be re-
duced below 2 pCi/l.. But even in this fourth house,
operation at low power (exhausting 50 cfm) was suffi-
ciemt to reduce levels from 17 to below 4 pCi/L.. To
achieve these flows and reductions at reduced fan power,
it was generally necessary to have sealed the membrane
at seams and around the perimeter.

Operation of the fan at full power in the Ohio houses
(exhausting 130 to 224 ¢fm) gave further marginal reduc-
tions, reducing living-area concentrations below 1 pCi/L
in all cases. Moreover, as the experience in House 33
showed (see Degree of membrane sealing above), full-
power operation made sealing of the perimeter and seams
less necessary; at maximum fan power, indoor levels
below 1 pCYL were achieved even without sealing the
membrane perimeter,

It is re-emphasized that the success with reduced fan
capacity in the Ohio houses is likely due to the facts that
there is sub-membrane perforated piping and, in three of
the houses, gravel on the floor to help disuibute the
suction. The flows observed in those houses with the fan
at low to medium power (50 to 100 cfm, often with the
membrane sealed) are the same as (or higher than) those
observed with a 90-watt fan at full power in houses

| -without perforated piping or gravel,

In summary, a 90-watt fan at full power is advisable when
the SMD system has no perforated piping under the
membrane, when the membrane is not completely sealed,
and when there is not gravel on the floor. When there is
perforated piping, the membrane is sealed, and there is
gravel-—i.e., when there is good sub-membrane commu-

nication, and the necessary flows can be obtained with
less fan capacity—operation at reduced fan power (or
with a smalier, 50-watt fan} may be satisfactory, Buteven
in this latter case, there will likely always be some
improvement in performance with full-power operation.
Where there is doubt regarding whether full-power op-
eration is required, the operating cost savings resuiting
from operation at reduced power is probably often not
sufficient to justify the risk of operation at less than full

~ power (He%1b, HeB1c),

+ Fan in suction vs. pressure. Operation of SMD sys-

e)
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tems with the fan reversed to blow outdoor air beneath
the membrane, has not been tested. Based upon the
experience with fan reversal in other ASD technigues and
recognizing the general leakiness of SMD membranes
relative to slabs, as well as the poorer performance gener-
ally observed when the crawl-space is ventilated with
forced-air supply from outdoors (crawl-space pressuriza-
tion) vs, forced-air exhaust from the crawl space (depres-
surization), it would be expected that sub-membrane
pressurization would Likely be less effective than SMD.
See Section 2.4.

Geology/climate variables

Source term. With the possible exception of House OP-
05 in New York (Ni89), none of the tested crawl-space
houses has been reported to have high soil gas radon
levels (above 2,000 pCi/L). Thus, the effects of source
term on SMD systems cannot be assessed.

Permeability of underlying soil. Except for House
DW31 in Tennessee (Py90), which visually appeared to
have relatively loose soil as the crawl-space floor, all of
the tested crawl-space houses have apparently been buikt
on fairly impermeable clay. Thus, an assessment of the
effects of soil permeability is not possible based upon the
data.

A four-pipe site depressurization system gave good re-
ductions in House DW31, reducing indoor levels from 26
to 2.2 pCi/L., suggesting that “SMD without a membrane”
may become possible when soil permeability is good. In
general, site depressurization would be expected to work
best when the permeable soil was in a stratum beneath a
less permeable layer which would serve as a cap o
reduce the short-circuiting of crawl-space air into the
system.

Intuitively, permeable soil on the crawl-space floor would
be expected to play a role analogous to that of gravel
beneath the membrane of a SMD system, namely, help-
ing to distribute the suction field under the membrane.
This could potentially improve performance of SMD
systems not having perforated piping under the mem-
brane.

Climatic conditions. There are no data indicating the
effects of temperature, winds, barometric pressure, or
precipitation on SMD performance, Since sub-membrane
depressurizations generaily drop below 0.001 in. WG



within 10 to 15 ft of a suction pipe, crawl-space depres-
surizations created by thermal and wind effects might be
expected to more readily overwhelm a SMD system
compated to a SSD system, since sub-slab depressuriza-
tions are often greater. But on the other hand, a crawl
space is leakier than a basement, at least when the crawl
space is vented and unheated; the crawl space might thus
be expected to become less depressurized than a base-
ment, and thus provide less of a challenge to the low sub-
membrane depressurizations.

Mitigation system durability

Radon reduction performance. Liitle data are avail-
able on long-term radon reductions achieved by SMD
systems. The one DTD + SMD instaliation in a basement-
plus-crawl-space house in Pennsylvania has consistently
maintained basement concentrations below 2 pCi/l. ac-
cording to winter-quarter alpha-track detector measure-
ments over the three years since installation (Sc89, Fi91).
In three of the four “pure” crawl-space houses in Ohio
where an annual aipha-track detector measurement was
successfully completed following installation, living-area
concentrations remained below 2 pCi/L. (and below 1
pCi/L in two of them) (Ro90}, In two of the four crawl-
space houses in Maryland having adjoining basements
(Mes90a), where annual alpha-track measurements were
successfully completed following installation, the com-~
bined SSD/DTD + SMD systems in these houses main-
tained concentrations well below I pCi/L in both the
basement and the upstairs living area (Mes90c).

System suctions and flows. System suctions and flows
remained steady in the one Pennsylvania house having a
combined basement DTD system plus crawl-space SMD
system, over the three years following installation (Fi91).

Equipment durability, No fan failures have been re-
ported for SMD systems in any of the EPA study houses.

In addition to fan failures, another concern in SMD
installations is the integrity of the membrane over time,
inciuding ruptures in the plastic itself, and failures in
membrane seals. Failures could result from foot traffic in
the crawl space, or to the drying or embrittlement of the
sealants and plastic over time due to, for example, UV
effects. Such failures in membrane integrity could de-
grade system performance, especiaily if the breach oc-
curred near the penetration of a suction pipe through the
membrane or for some length beside sub-membrane per-
forated piping.

Essentially no data exist on the various potential types of
membrane failures, or on the effects of any such failures
on SMD performance. Two mitigators report having ob-
served cases where rodents had caused extensive damage
to membranes within less than a year of installation, in
lowa and Florida (Wi90, Ba92); however, other mitiga-
tors report that such rodent damage is not a common
problem (An92, How92, Sh9l),

2.4 Performance of Active Soil
Pressurization Systems

All of the preceding discussion has addressed soil ventilation
systems where the fan is oriented to draw suction on the soil.
As discussed in Section 2.1, soil depressurization systems
function by a) maintaining a negative pressore in the soil
relative to the pressure inside the house, thus preventing soil
gas from entering the house; and b) probably by one or more
other mechanisms, including true soil ventilation, which in-
volves dilution of the soil gas with air from the house and
outdoors. The first mechanism probably tends to be the more
important in most cases. Hence, soil depressurization systems
tend to function best in cases where system flows are not
particularly high, because such conditions make it easier for
the fan to maintain reasonable suctions in the soil.

In some cases where flow is unusually high, it can be desir-
able to reverse the fan, so that the fan blows outdoor air under
the foundation. This approach is referred to as active soil
pressurization. In high-flow cases, it can sometimes be diffi-
cult for a soil depressurization system to maintain adequate
suctions in the soil, and the second mechanism listed above
(rue soil ventilation) becomes increasingly important. In
these high-flow cases, soil pressurization is an altemative to
placing a larger fan on a soil depressurization system,

Specific cases where active soil pressurization has been found
to be a potentially viable alternative include

1) Sub-slab pressurization systems, as an alternative to
SSD systems, where the underlying soil is a highly-
permeable, well-drained gravel (Tu87, Kn90), or a
highly permeable, highly fissured shale or limestone
(Br89). Modeling studies also suggest that sub-slab
pressurization may perform better than SSD when the
native 50il is highly permeable (Ga92). Outdoor air
leaking into the system through the permeable soil or
rock interferes with suction field extension by the
SSD system. In such cases, switching to sub-slab
pressurization may be preferred over the options of
adding more SSD suction pipes or using a higher-
capacity SSD fan,

If the house had drain tiles, drain-tile pressurization
could be considered instead of DTD when the native
soil is highly permeable, Houses on such well-drained
soils are less likely to require drain tiles, although
drain tites may still sometimes be preserit,

Block-wall pressurization systems, as an alternative to
BWD, in cases where depressurization of the leaky
block walls draws enough air out of the basement to
cause back-drafting of combustion appliances in the
basement (Sc88).

2)

Where the fan is operated to pressurize the soil, the system is
probably operating by two mechanisms, First, the outdoor air
being blown underneath the slab creates a region around the
foundation that is pressurized relative to the surrounding soil,
thus preventing soil gas from flowing toward the house by
convection. Second, if the underlying soil is sufficiently po-
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rous, the air being forced under the skab (or into the walls)
may flow into the soil with a sufficient velocity to overwhelm
diffusive movement of radon toward the foundation. To the
extent that these two mechanisms are not fully effective, any
radon that continues to enter the sub-slab region (or the walls)
by either convection or diffusion will be forced into the house
by the pressurization system, and system effectiveness will be
reduced.

The failure of pressurization systems to match the perfor-
mance of depressurization systems in many cases, as dis-
cussed later, probably results because the pressurization sys-
wems are not able to establish sufficient pressures or air flows
in the soil to completely prevent convective and diffusive
radon movement to the foundation. The reason why pressur-
ization systems often do not perform as well under tight-soil,
low-flow conditions is probably that flows of air into the soil
are not sufficiently high to overwheim radon diffusion under
those conditions,

Under high-flow conditions, both pressurization and depres-
surization systems may have problems maintaining pressures
{or suctions) everywhere under the slab (or in the wall). The
reason why pressurization systems sometimes perform better
under these conditions may be that pressurization is at least
partialty forcing the radon away from the foundation, whereas
depressurization draws it toward the foundation.

Another criterion for effective pressurization performance, in
addition to highly permeable soil, may be that the soil gas
radon concentration should not be particularly high (e.g.,
perhaps on the order of 1,000 pCi/E. or less) (Brk9).

. Where outdoor air is being blown into a block wall—where
the high fiows are being created by the leakiness of the block
walls rather than by high permeability in the native soil-—the
block-wall pressurization system may also be working in part
by basement pressurization or basement ventilation with un-
conditioned outdoor air.

Various potential problems have been suggested which might
result from operation of systems in pressure, These include 1)
potential freezing around the foundation in cold climates,
when cold outdoor air is blown beneath the slab, potentially
leading to structurai problems; 2) potential freezing inside
framed walls in block-wall pressurization systems, especially
in humidified basements, due to the exfiltration of relatively
moist indoor air created by the basement pressurization com-
ponent of the system:; 3) possible condensation of indoor
moisture on slab or wall surfaces being cooled by the outdoor
air, during cold weather; and 4) potentially increased levels of
termiticides, spores, or soil moisture insidé the house, due o
the increased flow of sub-slab gas up into the house created by
the pressurization system. For the most part, insufficient data
are available regarding soil pressurization systems to enable
an assessment of the seriousness of these potential problems.

2.4.1 Active Sub-Slab Pressurization

Active sub-slab pressurization systems have been reported in
five basement houses near Spokane (Tu87), and in four base-
ment houses in New York (Br89, Kn90), where highly perme-

able native soils resuited in sub-slab pressurization providing
greater indoor radon reductions than did SSD. One mitigator
in the Spokane area (Bar90) has aiso reported that sub-siab
pressurization systems sometimes provide better reductions
than do SSI) systems.

In the five Spokane houses, sub-slab pressurization systems
with one to four pressurization pipes were initially able to
reduce all of the houses to 3 pCi/L and less in the living area,
based on short-term measurements. Pre-mitigation levels in
these house were typically 15 to 50 pCi/L, although one house
had a pre-mitigation level of 106-141 pCi/L.. To achieve 3
pCUL in several of the houses, the sub-slab pressurization fans
being used had to be operated at full power. For these fans in
these houses, full power produced a pressure of 1.25 to 2 in.
WG in the pipes near the slab, and a flow of about 50-200 cfm
in the total system. By comparison, when the fans were
reversed to operate in suction, two of these five houses were
reduced 10 3 to 5 pCi/L in the living area, and the other three
were reduced only to 7 to 19 pCi/L. -

In one of the houses in New York (Kn90), a two-pipe SSD
system with a standard 90-watt in-line duct fan reduced the
basement concentrations from a pre-mitigation level of 169
pCi/L to a 12-day post-mitigation average of 10.5 pCi/L. The
sub-slab appeared to be being depressurized everywhere, al-
though in some locations the depressurization was less than
0.001 in. WG. When the fan was reversed to pressurize the
sub-slab, basement levels fell to a 6-day average of 3.3 pCi/L.

In the other thiree New York houses (Br89), sub-slab pressur-
ization reduced indoor radon to about 2 pCi/L, from levels
which sometimes rose to several hundred pCi/L. SSD or DTD
had initially been tested in two of these houses. In one of these
two, the depressurization system had given no radon reduc-
tions; in the other, depressunzauon could reduce levels only
to 18 pCi/L.

The effect of sub-slab pressurization vs. SSD has also been
tested in 16 basement houses and 7 slab-on-grade houses
where the underlying soil had low permeability (Ma88, Sc88,
Tu89, Du90, FiS0, Py90). In none of these cases was the
performance of the pressurization system better than that of
the SSD system. Occasionally, the performance was compa-
rable, but most commonly, the pressurization system gave
much poorer reductions.

The 16 basement houses were in the states of New Jersey
(Tu89, Dud0), Pennsylvania (Sc88), and Tennessee (Ma88,
Py90). All but three of these houses had one or two sub-slab
ventilation pipes; these other three had four to five pipes. The
communication beneath the basement slab ranged from good
to poor among these houses, The native soil was commonly a
low-permeability clay. Half of the basements had adjoining
slab-on-grade or crawl-space wings; where there was an ad-
joining slab, there was often (but not always) at least one
ventilation pipe inserted beneath the adjoining slab.

With the systems in these 16 basement houses operating in
sucton 14 of the houses (almost 90%) were reduced to 4 pCi/
L and less; and 10 (about 60%) were reduced to 2 pCi/L and
less in the basement {from pre-mitigation ievels ranging from
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12 to 156 pCi/L). By comparison, when the fans were re-
versed to pressurize the sub-slab, the results were dramati-
cally poorer only two of the houses (less than 15%) were
reduced below 4 pCifl.; and only two (these same two) were
reduced to 2 pCi/L and less.

Operation in pressure caused post-mitigation levels to in-
crease by 4 to 40 pCi/L in all but two of the 16 houses,
compared to the post-mitigation levels when the system oper-
ated in suction. In those two, the increase was 0 to 1 pCi/L. In
none of these 16 houses did operation in pressure result in
reduced post-mitigation concentrations compared 0 opera-
tion in suction. But in all cases, operation in pressure did
provide some reduction in indoor levels compared to pre-
mitigation concentrations; i.e., in no case were post-mitiga-
tion concentrations greater than the pre-mitigation levels dur-
ing operation in pressure.

Two of these studies (Sc88, Py90) reported increases in soil
gas odors within the house when the SSD fan was reversed to
operate in pressure. One of the studies (Py90) measured
roughly five- 1o ten-fold increases in the termiticide aldrin in
the basement air of one house when the fan was reversed,
although aldrin levels appeared to have returned to their
original values after the system had operated in pressure for
10 weeks.

The seven slab-on-grade houses with low soil permeability
where the SSD fans were reversed were ali in Ohio (Fi90). All
of these systems had one or two ventilation pipes. There was a
good layer of aggregate beneath the slab in all of these houses,
although communication in some of them was interrupted by
sub-slab forced-air supply ducts. The underlying native soil
was a low-permeability clay.

With the systems in these seven slab-on-grade houses operat-
ing in suction, all of the houses were reduced below 4 pCi/L.,
and six (about 85%) were reduced below 2 pCi/L. With the
fans reversed to pressurize the sub-slab, reductions were
dramatically poorer: only three of the houses were still below
4 pCi/L, and only one was below 2 pCi/L. Operation in
pressure caused post-mitigation levels to increase by 1 to 13
pCifL., compared to the post-mitigation ievels during opera-
tion in suction. But again, the sub-slab pressurization system
did provide some reduction in radon, compared to pre-mitiga-
tion concentrations.

In summary, sub-slab pressurization has consistently given
better reductions than has SSD in houses built on well-drained
gravel soils and on highly fractured rock. Sub-slab pressuriza-
tion has consistently given poorer reductions than has SSD in
houses built on low-permeability soils, regardiess of whether
or not there is a good layer of aggregate beneath the slab,

There is insufficient experience with active sub-slab pressur-

ization systems to permit a definitive review of the effects of

the various house design and operating variables, and the
various system design and operating variables, analogous o
that presented in Section 2.3.1 for SSD. Some of the informa-
tion presented in Section 2.3.1 would be applicable to, or
could be adapted to, pressurization systems.

Some results have been presented regarding the durability of
the five successful pressurization systems in Spokane (Pr89).
These follow-up measarements included quarterly alpha-track
monitoring during a 2-year period after installation, and sys-
tem inspection and flow measurements after 2 years of opera-
tion.

All five of the Spokane houses had at least one quarterly
alpha-track above 4 pCi/L in the living area (compared to
short-term post-mitigation measurements indicating about 2
pCi/L and less immediately after installation). In all cases,
homeowners reported that the system had been turned off at
least part of the time during mild weather, undoubtedly con-
tributing to the elevated levels. In one house, a system failure
resulted in significant vibration noise which resulted in the fan
being turned off for most of the 2-year period, so that living-
area concentrations remained at pre-mitigation values (around
30 pCi/L). In a second house, a similar failure resulted in
significant air leaks between the fan and the ventilation pipes,
although the system was left operating. In this second house,
living-area concentrations rose to about 30 pCi/L. toward the
end of the 2-year period (compared to a pre-mitigation value
of 140 pCi/L), after having remained between 2 and 4 pCi/L
for the year and a half prior to the failure. The problems with
the installations in these latter two houses do not reflect an
inherent problem with the durability of sub-slab pressuriza-
tion systems, but rather, reflect the formative stage of radon
mitigation system design at the time that these sysiems were
installed (Winter 1985-86).

Pressure and flow measurements in the five Spokane systems
after 2 years of operation showed that system pressures had
increased since installation, and flows had decreased, in all
cases. Inspection in two of the houses showed that dust and
debris had accumulated on the surface of the soil under the
slab, at the point where the ventilation pipe terminated just
below the stab. Presumably, this debris had been entrained in
the fan inlet, which had no screen, and blown into the system
piping. Removal of this debris in the two houses resulted in a
substantial recovery toward original pressures and flows. The
apparent increases in indoor radon levels in these houses
could be due in part to the reduced flows cansed by this debris,
which may have plugged the interstices between soil particles,
It was recommended that future sub-slab pressurization sys-
tems be instalied with cleanable filters on the fan inlet, and
with gauges to alert the homeowner if system pressure is
changing (Pr89).

In summary, the fact that some radon measurements exceeded
4 pCi/L in all five of the Spokane houses over the 2 years
following instailation does not necessarily reflect an inherent
problem with the durability of sub-slab pressurization sys-
tems. The elevated levels may result from a combination of a)
correctable problems in the design of these particular early
instaliations; and b) homeowner intervention, in turning the
systems off. Accordingly, a definitive statement cannot be
made from these limited results regarding the durability of
sub-siab pressurization systems being designed today, If fil-
ters are required in order to prevent debris buildup in the
system, the homeowner is going to have to be alert to need for
continuing maintenance of this filter,
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Because of the limited applicability of, and experience with,
sub-slab pressurization systems, the emphasis in this docu-
ment is on SSD (Section 4). Sub-slab pressurization is ad-
dressed more briefly, in Section 9.

2.4.2 Active Block-Wall Pressurization

Active block-wall pressurization systems have been reported
in three basement houses in Pennsylvania (Houses 2, 5, and 9
in Sc88). In Houses 2 and 9, the block-wall systern was of the
“baseboard duct” design, and each house had two fans blow-
ing into the duct; House 5 had an “individual-pipe” configura-
tion, with one fan, All three houses had a very high source
term, and pre-mitigation concentrations in the basement rang-
ing from 110 to 533 pCYL. In each case, BWD had been
attempted first, but had been converted to a pressurization
system because of back-drafting of wood stoves and fire-
places.

Unfortunately, in none of the Pennsylvania houses was the
same block-wall ventilation system tested back-to-back in
suction and pressure, to enable a direct comparison of the two
approaches. In all cases, some other system modification (use
of different fans, additional sealing)-accompanied the reversal
of the fan. However, the radon reductions achieved in suction
and in pressure were generally comparable, with pressure
seeming to give slightly greater reductions in two of the
houses, and suction slightly greater in the third house.

In only one of the three houses, House 2, was the block-wall
pressurization system able to reduce basement concentrations
below 4 pCi/L. (when supplemented by a well water treatment
system), based upon short-term measurements immediately
after installation, Houses 5 and 9 achieved basement concen-
trations of 5 and 7 pCi/L, respectively, based upon the short-

term measurements, although about 3 pCi/L of the residual.

level in House 9 might have been due to well water.

Winter-quarter alpha-track detector measurements in these
houses during the three winters following installation have
shown basement and living-area concentrations holding rela-
tively steady at values above 4 pCi/L (Fi91). In House 2, the
average basement reading over the three winters has been 4.3
pCi/L; in House 5, 4.8 pCi/L; and in House 9, 11.5 pCi/L.

These concentrations represent substantial percentage reduc-
tions from the high pre-mitigation levels, but reveal that some
entry routes are not being adequately treated by these systems.
Sub-slab pressure field extension measurements in House 2
indicated that the sub-siab in that house was apparently being
effectively pressurized by the baseboard duct system. (Sub-
slab measurements were not completed in the other two
houses.) Presumably, the flows that could be maintained by
the systems were not adequate to sufficiently dilute the high
radon concentrations around the foundation of these high-
source-term houses, and were not adequate to prevent some
radon from entering the wail void network. If the radon could
reach the sab-slab and wall void regions, the pressurization
system would force it up into the house.

None of these three houses were optimal for block-wall
treatment, due to inaccessible top voids in the block wall, and

due to fireplace structures. As discussed regarding BWD
systems in Section 2.3.4, neither of the two stand-alone BWD
systems in this Pennsylvania project that were installed in
non-optimal houses achieved basement concentrations below
4 pCi/L, either.

In summary, from the very limited results available with
biock-wall pressurization systems, it is not apparent that block-
wall pressurization is either less or more effective than BWD,
Neither approach appears to be a reliable method for reducing
levels below 4 pCifL. when applied as a stand-alone method,
especially not in houses which have high pre-mitigation levels
and which are not optimal for block-wall treatment. BWD
appears to have an advantage in that it can be used as a
supplement to SSD systems.

2.5 Performance of Passive Soil
Depressurization Systems

All of the preceding discussion of soil depressurization sys-
tems has addressed the case where an electrically powered fan
is being used to draw suction on the soil. It is the use of the fan
that results in these systems being referred to as active soil
depressurization systems, The fans commonly used are ca-
pable of developing suctions of about 1 in. WG and higher in
the system piping, With that amount of suction in the system
piping, the chances are improved that the suction field will
extend beneath the entire slab and around the foundation, and
that the conservative goal will be met of maintaining about
0.025 1o 0,035 in, WG depressurization everywhere beneath
the slab during mild weather with exhaust appliances off, (See
Section 2.3.1b, Operation of central furnace fan, and exhaust
fans, and Section 2.3.1e, Climatic conditions).

Nominally, soil depressurization systems can also be operated
in the passive mode, i.¢., without a fan. Passive systems rely
on natural phenomena to develop the suction in the stack.
These naturai phenomena include a) thermal effects, created
when the stack temperature is warmer than the outdoor air,
causing the soil gas inside the stack to rise; and b) wind
movement over the roofline, which creates a low-pressure
region over the roof.

Passive soil depressurization systems may operaie by two
mechanisms. One mechanism is soil depressurization, as with
active systems, using the fairly low naturally-induced suctions
listed in the preceding paragraph. The second possible mecha-
nism is development of a “pressure break” in the aggregate
bed beneath a stab or in the region under 2 SMD membrane,
i.e., an equalization of sub-slab or sub-membrane pressures.
with outdoor pressures, providing a buffer isolating the soil

from the depressurized house. Such a pressure break could

reduce the house-induced suction on the scil, and hence
amount of radon drawn out of the soil.

In passive systems, the exhavost stack generally extends up
through the house indoors, providing a direct route to the roof
from the suction pipe penetrations through the slab, sump
cover, or crawl-space membrane. To the extent that passive
systems rely upon the first mechanism above (soil depressur-
ization), the important thermal contribution to the passive
suction would be largely lost during cold weather if the stack
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extended up outside the house or through an unheated garage,
as is sometimes done with active systems. The thermal effects
in passive soil depressurization systems are exactly analogous
(and similar in magnitude) to the thermal stack effect which is
drawing soil gas into the house. The difference is that the
stack is providing the soil gas with a direct “thermal bypass”
up to the roof.

The primary problem with passive operation is that the natural
suctions produced in the stacks are quite low. The thermally-
induced depressurization that would be created in a two-story
stack during cold weather would be on the order of 0.015 in,
WG, the same as the thermally-induced depressurization in
the basement. Depressurizations that have been measured in
passive stacks have consistently been lower than 0.1 in. WG,
and often less than 0.05 in. WG (Gi90). These passive depres-
surizations are 10 to 100 times lower than those usually
maintained in active system piping. With such low suctions,
passive systems can have difficuity maintaining adequate
depressurizations everywhere beneath the slab or membrane,
to the extent that passive systems rely on the soil depressur-
ization mechanism,

To the extent that passive systems rely on the pressure break
mechanism, an analogous problem may exist, i.e., difficulty in
buffering the soil from the house at all locations using only a
single pressure-relief pipe. From the standpoints of both the
soil depressurization mechanism and the pressure break mecha-
nism, perhaps connection of the passive stack to a network of
perforated piping under the slab or the SMD membrane would
aid in the extension of the suction field or of the pressure-
break buffer, However, there are no definitive data quantify-
ing the benefit of such sub-slab or sub-membrane piping.

An added concern is that the performance of passive systems
may be variable, changing as the temperatures and winds
change, varying the natural suction in the stack.

One key advantage of passive systems, if they perform well, is
that they avoid the need for homeowner maintenance of a fan.
The risk is thus eliminated that house occupants might be
subjected to high radon exposures over a long period if the
homeowner fails to notice or repair a malfunctioning fan, a
potentially important consideration. However, passive sys-
tems will not necessarily be maintenance-free; they may
require homeowner attention in maintaining seals of slab
cracks/openings (since system flows/suctions will be too low
to tolerate much short-circuiting), in ensuring that the stack
outlet does not get restricted by debris such as leaves (since
flows may be too low to blow debris away), and in verifying
that system suctions/flows are being maintained. Another
advantage of passive systems is that they avoid any noise
associated with fan operation or with the rapid release of
exhaust gas from the stack outlet. (Generally, noise associated
with fan operation in active systems can be significantly
* reduced by proper mounting of the fan and piping.)

Passive systems will also avoid the cost of electricity for
operation of a fan, and, because of their low flows, will
significantly reduce the heating/cooling penaity associated
with active systems. The maximum savings in electricity and
heating/cooling bills resulting from these factors will be on

the order of $7.50 per month (He91b, He%1Ic), an amount
which many homeowners will not notice, but an amount
which would add up over time and which could have an
impact on national energy consumption. Fan maintenance
costs would be eliminated. Eliminating the fan would also
reduce system installation costs by an amount equal to the
cost of the fan and the associated wiring, although there could
be offsetting installation cost increases due to increased foun-
dation sealing requirements, efforts to improve the extension
of the weak suction field, and the need for an interior stack.

In summary, there are some advantages associated with pas-
sive systems. However, these advantages will be achieved at
the expense of reduced radon reduction performance com-
pared to active systems, based upon data available to date. The
reduced performance of passive systems relative 10 active
systems likely resuits because any benefits resulting from the
passive pressure break mechanism are not sufficient to com-
pensate for the greatly reduced role of the soil depressuriza-
tion mechanism caused by the generally weak passive suction
field.

From a practical standpoint, passive soil depressurization will
likely prove to be applicable only in cases where sub-siab

- communication is very good. Good communication will be
necessary to permit reasonable extension of the weak passive
suction field, or for the development of a reasonable pressure
break with a single passive stack. A tight slab (or SMD
membrane) will also likely be required. Significant air leak-
age into the sub-slab region from any source will likely
overwhelm the weak passive suction field; significant open-
ings between the sub-slab region and the house would tend w0
defeat the pressure break.

On this basis, it would be expected that passive soil depressur-
ization systems will likely work best in houses where there is
good aggregate under the slab, and where the slab is tight or is
accessible for seating. The presence of an interior drain tile
loop might be expected to aid in the distribution of the weak
suction field, or in development of the pressure break; how-
ever, there are no definitive data demonsirating that such a
drain tile loop will in fact be beneficial. Passive soil depres-
surization will not be applicable in cases where high system
flows would be expected, such as DTD or SSD systems in
houses having badly cracked slabs than cannot be effectively
sealed, or such as BWD systems. Passive operation of a DTD
or SSD system might be expected to perform best when the
foundation wall is constructed of poured concrete, so that the
system would not have to address radon entry into (and air
flows from) hollow biock foundation walls.

Under the favorable conditions defined above, passive sys-
tems can sometimes be sufficient to reduce slightly elevated
houses. below 4 pCi/L, However, the performance in a given
house cannot be predicted prior to installation. Also, the
performance may be expected to vary over time, as outdoor
temperatures and winds change (varying the suction in the
passive stack) and as exhaust appliances are operated (poten-
tially overwheiming both the low passive suction and the
pressure break). Thus, whenever a passive system is installed,
the homeowner should be prepared to make frequent measure-
ments in the house for a period of time after instaliation, in
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order to understand the conditions (such as warm tempera-
tures, low winds, and appliance operation) that result in the
passive system being overwhelmed. The mitigator or owner
must also be prepared to install or activate a fan on the system
if these measurements show that a fan is necessary.

The available data base on the performance of passive soil
depressurization systems is very limited.

In one project where passive systems were retrofit into exist-
ing houses in Maryland (Gi®0), testing was conducted on ten
passive SSD installations (with no perforated piping beneath
the slab), two DTD systems, and two SMD systems. The
nature and extent of the drain tiles in the two sump/DTD
systems are unknown. Both of the SMD systems included a
network of perforated tiles beneath a completely sealed mem-
brane. The aggregate beneath the slabs was good in some
cases, and poor or uneven in other cases.

The passive systems in these 14 existing Maryland houses
typically provided moderate radon reductions (30 to 70%),
although reductions ranged from a low of zero o a high of
90%. In only two of the houses (047 and 079) was the passive
system adequate to reduce indoor levels below 4 pCifl..

The two Maryland houses giving the best reductons (Houses
004 and 079, achieving up to 80 to 90% reduction) had SSD
systems with no sub-slab piping. but had good aggregate and
poured concrete foundation walls, Two houses having poor/
uneven aggregate {054 and 074) gave poor performances with
passive SSD systems (0 to 40%). However, good communica-
tion was not sufficient, by itself, to ensure high radon reduc-
tions. Houses with poured foundations consistently gave bet-
ter reductions than those with block foundations, with the
highest reductions in block-foundation houses being 50%.

Of the two houses having sumps with at least partial drain tile
loops to help distribute the suction, one (061) achieved only
low 10 moderate reductions (15 to 50%), while the other (096)
did somewhat better (35 to 75%). Of the two houses having
passive SMD systems, only one ((47) gave reasonably good
reductions (20 to 70%), undoubtedly due in part to the fact
that the “passive stack” in this house consisted of the furnace
flue, which increased the passive suction when the furnace
was operating.

The passive suctions measured in these Maryland stacks
ranged from zero 10 0.1 in. WG. The passive SSD systems
were found to create measurable sub-siab depressurizations as
far as 40 ft away from the suction pipe in one case, but more
commonly, the measurable sub-slab suction did not appear to
extend more than about 20 ft from the pipe.

When these passive soil depressurization systems were acti-
* vated using a standard 90-watt in-line duct fan, radon reduc-
tions increased to 90-99% in all cases, reducing indoor levels
10 1 to 2 pCi/L or less {Gi90). In no case did activation of the
system fail to provide significant additional reductions be-
yond those achieved with the passive system.

Another study addressed two newly constructed basement
houses in the Washington, D.C., area, which had been built

with a good layer of aggregate, with perforated piping beneath
the slab, and with slab sealing at the wall/floor joint and at
slab penetrations, in order to facilitate radon mitigation. Both
houses had poured concrete foundation walls, aiding the per-
formance of the passive systemn. A passive stack drawing
suction on the sub-slab piping in these houses provided aver-
age radon reductions of 75 to 90% (Sau91a).

These reductions in the two Washington, D.C. houses were
obtained in both summer and winter, indicating reasonable
performance even in warm weather when thermal effects
would not be contributing to the natural suction. In one house,
the passive stack was sufficient by itself to reduce the house
below 4 pCi/L, from pre-mitigation levels as high as 20 pCi/L.
during the winter. In the second house, the passive system
reduced winter levels from 29 to 7.5 pC¥L; activation of the
system reduced levels below 1 pCi/L. In the summer, the
passive stack by iself reduced levels from 2-4 pCi/L to below
I pCifL. in both houses, The low radon levels achieved during
mild weather (when the passive depressurization mechanism
might be expected to be playing only a minimal role) could be
a commentary on the importance of the pressure break mecha-
nism, as well as the namrally reduced driving forces existing
during mild weather.

While moderate to high radon reductions were achieved with
the passive stack in both houses, indoor levels were subject to
occasional spikes, presumably due to basement depressuriza-
tion caused by weather effects and forced-air furnace opera-
tion.

As an extension of the previous smdy, measurements were
completed in 15 newly-constructed houses in the Washington,
D. C., area having passive stacks (Sau91b). As with the two
houses discussed in the preceding paragraph, these houses all
had a good aggregate layer, perforated piping beneath the
slab, and slab sealing. Based upon 1- to 2-week continuous
radon measurements with and without the passive stack capped,
the passive systems were providing reductions ranging from 9
to over 9%, with average reductions of 64 to 70%. Radon
concenirations were reduced from an average of 8-18 pCi/L.,
to an average of 2.5-6 pCi/L. Eight of these 15 houses were
reduced below 4 pCi/L by the passive system, although a
couple of these houses had pre-mitigation levels below 4
pCi/L to begin with. Operation of a mitigation fan on six of
these houses provided substantial additional reductions be-
yond those achieved with the passive system, reducing levels
below 1 pCi/L in all six cases. Again, it is believed that
basement depressurization by forced-air return ducts in the
basement contributed. to overwhelming of the passive sys-
tems. : :

Of the 15 houses in the preceding study (Sau%1b), the passive
system provided reductions of at least 50% in all but 5 of
them. All five of these less successful houses exhibited some
problem potentially explaining the reduced passive perfor-
mance, In three of these houses, sub-slab communication was
found to be lower than would have been expected had the
specified sub-slab aggregate been properly installed. In the
other two, the passive stack was in an unheated garage, thus
reducing the contribution of thermal effects to the passive
suction.
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In another project, passive SSD or DTD was tested in two new
basement houses in Pennsylvania which had been built with a
good aggregate layer, capped sumps with an interior drain tile
loop beneath the slab, and with sealing of the wall/floor joint
(Br91a). Both houses had poured concrete foundation walls,
In the first house (House PA1), a single SSD pipe penetrated
the slab and was not directly connected to the sump or drain
tiles. The passive stack was routed through the roof of a one-
story wing of the house, adjoining the two-story wing over the
basement (Br92). Passive operation of this system in House
PAl provided essentially no reduction in the basement radon
concentrations (8-10 pCi/L), based upon back-to-back 1-week
measurements with and without the stack capped. Activation
of the system reduced levels to 1-2 pCi/L.,

The system in House PA1 was later modified to direct the
stack straight up through the two-story wing of the house
above the basement (Br92). With this new configuration,
passive operation of the system reportedly reduced basement
levels to about 2 pCi/L, with suctions of about 0.005 to .01
in. WG under the slab,

In the second Pennsylvania house (House PAZ), where the
system drew suction directly on the sump, passive operation
reduced basement levels from 5 pCi/L to 1.5 pCi/L, again
based upon 1-week measurements (Br%la).

In addition to these recent research results, one mitigator has
reported occasionally obtaining moderate reductions applying
passive SMD commercially in about 20 crawl-space houses,
reportedly reducing indoor levels from 8 pCi/L. down to below
3 pCi/L in “pure” crawl spaces with poured concrete founda-
tion walls (KI92). In these particular installations, the mem-
brane was sealed well, with a length of perforated piping
beneath. The passive “stack” from the sub-membrane piping
penetrated the crawl-space band joist and exhausted at grade
level. This type of stack forfeits the passive suction that would
be developed by the thermal stack effect, since the stack does
not rise through the heated space. Rather, it relies upon wind-
induced natural suction and on the pressure break mechanism,
along with any reduction resulting purely from the sealing of a
membrane over the crawl-space floor.

Passive soil depressurization systems have also been tested in
a number of earlier remedial efforts in the U.S. and Canada
(Vi79, Ar82, Ta85).

Reference Ar82 summarizes results from passive systems that
were retrofit into a number of existing Canadian and U.S.
houses contaminated with uranium mill tilings. Radon reduc-
tions of 70 to 90% were reported in many of these houses,
However, the interpretation of these reductions, in terms of
the actual performance of the passive system, is complicated
by the fact that the reported reductions often also include the
effects of other mitigation measures that were implemented
simultaneously. These other measures included removal of
mill tailing source matertal from under the slab, and various
sealing efforts such as trapping of floor drains. An additional
limitation is that the pre- and post-mitigation radon and work-
ing level measurements were likely obtained by multiple grab
samples in many of the cases, thus providing a less rigorous
measure of system performance.

In another project involving new residential construction in
uranium mining and processing communities in Canada (Vi79),
very extensive sub-siab perforated piping networks were in-
stalled beneath the slabs of a number of houses during con-
struction, apparently in a good bed of aggregate. In 18 of these
houses, a vertical stack extended from this network up through
the interior of the house to the roof, Passive depressurization
of the networks in these 18 houses reportedly gave satisfac-
tory reductions during the winter, maintaining indoor levels at
0.02 WL and less. However, during mild weather, when the
thermal contribution to the nagural suction in the stack would
be reduced or eliminated, performance of the passive systems
reportedly degraded. As a result, based upon multiple grab
sample measurements, ten of the houses averaged above 0,02
WL over the entire measurement period, despite the extensive
piping network. Under these conditions, the systems had to be
activated; each of the 18 houses averaged below 0.015 WL
after activation.

A major effort was made to retrofit a passive system into one
existing house having a very high source term (resulting from
naturally occurring radium in the underlying soil and rock)
and having block foundation walls (Ta85). The existing siabs
for both the basement and the adjoining slab below grade in
this house were torn out. Some of the underlying soil and rock
was removed, and replaced with aggregate. Loops of perfo-
rated drain tile were placed around the perimeter of each slab,
and beside the footings for an interior load-bearing wall in the
basement. Each loop connected to a passive stack which rose
through the house to the roof. The slabs were re-poured, with
efforts to make the slabs as tight as possible. Based upon
periodic grab samples over a several-month period after miti-
gation, the radon levels were reportedly reduced by greater
than 99%, from about 13.5 WL before mitigation to below
0.02 WL. One significant spike (to 1 WL} was measured
during one of the grab sampling campaigns, and a small fan
was installed in each of the vent stacks to boost suction,
bringing concentrations back down to acceptable levels, The
fan on one of the two vent stacks is still operated frequently by
the homeowner. Grab samples do not reveal the variations in
radon levels, or the average leveis, that exist between sam-
pling campaigns.

In summary, the available results with passive soil depressur-
ization systems suggest that

- Passive SSD or DTD systems have commonly been
shown to give moderate indoor radon reductions, some-
times as high as 70 to 90% if sub-siab communication
is good and the slab is tight. However, passive perfor-
mance is rot predictable, and may vary with time,

- A given soil depressurization system in a given house
always gives much higher reductions when operated in
the active mode, with a fan, than when operated pas-
sively.

- Good sub-slab communication is mandatory for good
passive SSD or DTD performance. However, good
communication is not sufficient by itself to ensure
good performance.
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Passive SSD and DTD have often provided their best
reductions in new construction where steps have been
taken to tighten the slab during construction (e.g.,
caulking the wall/floor joint). Such slab tightening
should be conducted in new houses if it is desired to
improve the chances that a passive system will perform
well. However, there are no definitive results quantify-
ing the benefits of such slab sealing.

Best results with passive SSD-or DTD systems have
consistently been obtained where the foundation wall is
poured concrete, rather than hollow block.

Because of the apparent limitations and uncertainties in the
performance of passive systems, the discussion of system
design and installation in the subsequent sections will focus
on active systems. However, much of the information on
design and installation of active systems can be readily adapted
for use with passive systems, with the guidance given above.
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Section 3

Pre-Mitigation Diagnostic Test Procedures
for Soil Depressurization Systems

3.1 General

3.1.1 Purposes of Pre-Mitigation
Diagnostics

The primary purposes of diagnostic testing prior to the design
and installation of a radon reduction system are to:

a) improve the radon reduction performance of the sys-
tem ultimately installed; and

b) reduce the cost to the homeowner of achieving a given
level of radon reduction.

If the diagnostic testing does not have a reasonable likelihood
of improving performance and/or reducing costs, there is no
purpose in conducting it.

Pre-mitigation diagnostics can be used to help select which
mitigation technology can best be applied in a specific situa-
tion (e.g., whether basement pressurization or a house ventila-
tion approach might be more suitable than ASD). Once the
decision is made to install an AST) system, the diagnostics can
aid in the design of the ASD system.

3.1.2 Diagnostic Tests That Can Be
Considered

Once a mitigator is familiar with the housing characteristics in
his/her area, and the way in which these characteristics influ-
ence radon entry and the performance of ASD (and other)
systems, it will often be possible to select and design an ASD
system with a minimum of pre-mitigation diagnostics,

A pre-installation visual inspection will be the one diagnostic
that will generally be required prior to final selection and
design of the system in all cases. In many cases, this will be
the only pre-mitigation diagnostic test necessary. In cases
where the sub-slab communication is poor, uneven, or uncer-
tain, sub-slab suction field extension testing may sometimes
be cost-effective, using a vacuum cleaner or a portable ASD
~ fan test stand to generate the suction field, in order to facilitate
efficient determination of where suction pipes should be
located. Especially where suction field diagnostics are needed,
grab sampling (or “sriffing”) 1o determine radon concentra-
tions at locations under the slab or around potential soil gas
entry routes may sometimes be helipful in selecting suction
locations.

Most mitigators will rarely have to utilize pre-mitigation
diagnostic tests other than those listed in the preceding para-
graph, except in special cases.

A more complete summary of the diagnostics that can be
considered, and the cases under which they might be useful, is
given below. They are listed in the approximate order of
frequency with which they might be used. While the discus-
sion here focuses on their use as pre-mitigation diagnostics,
some of them can sometimes be used during mitigation or
after mitigation (see Section i1).

» Visual inspection. This “diagnostic test”, in one form
or another, will be required prior to mitigation in every
house. Most major questions, such as whether a house is
a suitable candidate for ASD (or for other techniques),
whether the house will be relatively simple or relatively
difficult to mitigate, where suction pipes might be located
and how the exhaust piping might be routed, etc., can be
at least partially addressed by the visual inspection, with-
out any measurements.

«  Suction field extension. This is the second most com-
mon diagnostic technique for ASD systems, after visual
inspection. It is necessary only if: a) the visual inspection
and the mitigator’s prior experience do not provide suffi-
cient basis for a reasonable judgement regarding the
likely sub-slab communication; or b) inspection and/or
prior experience suggest that communication will be poor
or aneven, but do not saggest the logical number and
location of SSD suction pipes. A relatively simple mea-
surement of sub-slab depressurizations created at a few
remote test holes by an industrial vacuum cleaner can
help confimrn whether a house has relatively good or
relatively poor communication. A more complex test
procedure, involving a greater number of test holes, wonld
better quantify how far the suction field from a single
SSD pipe might extend, and where discontinuities in
communication exist, to aid in a more rigorous selection
of pipe number and location.

Rather than a vacuum cleaner, some mitigators might
elect to use a portable ASD fan test stand to generate the
suction field. The portable ASD fan would give a more
rigorous and easily-interpreted indication of how far the
eventual system suction field will extend, and of the
flows that can be expected, compared to a vacuum cleaner.
Where the fiexibility exists, some professionals some-
times use an ASD fan mounted on the initial suction pipe
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installed through the slab during installation, proceeding
on a “design-as-you-install” basis. Suction field exten-
sion testing is also common as a post-mitigation diagnos-
tic tool (with the ASD system operating), to assess why
an installed system is not providing the desired perfor-
mance.

Sub-slab flows. As an extension of the suction field
extension test, one could measure the flows developed in
the vacuum cleaner nozzle (or in the piping to the por-
table fan test stand) at various suctions induced by the
vacuum under the slab, The results could help guantify
the preferred performance curve for the fan to be installed
on the ASD system.

Such sub-slab flow measurements will probably not be
necessary for many mitigators in most houses. An assess-
ment of whether a standard moderate-suction/high-flow
fan will be appropriate, or whether a high-suction/low-flow
fan would be preferred in a given house, can generally be
made based upon the mitigator’s experience and the
suction field extension results, without the more rigorous
sub-slab flow measurement at multiple suctions. At most,
if suction field extension tests are being performed, a
mitigator might measure the flow in the vacuum cleaner
at the one suction used for that testing, to determine
whether the sub-slab flows are high or low. If the diag-
nostic vacuum cleaner is not set up to enable flow mea-
surements, some researchers suggest simply listening to
the sound of the vacuum motor as a qualitative indicator
of whether it is moving a ot of air, or only a little (Br91b,
Bro92).

Radon grab sampling and “sniffing.” "Measure-
ment of radon concentrations near potential entry routes—
e.g., under the slab near slab cracks and openings, or
inside hollow-block foundation walls—can suggest the
relative importance of these potential entry routes, and
thus can help guide ASD design, For example, especially
where syb-slab communication is not good, SSD pipes
might be located toward those cracks/ openings having
the highest sub-slab concentrations. Block walls having
high radon levels in the cavities would be those most
likely to warrant a BWD component complementing the
SSD system. Such grab sampling will likely be of value
primarily when sub-slab communication is not good, or
when the radon levels in the soil gas are very high, and
when the location of the ASD suction pipes thus becomes
of increased importance. Poor-communication houses are
the houses where sub-slab suction field extension mea-
surements are most likely to be helpful, in which case test
hotes would be being drilled through the slab for suction
field testing; it would make sense to expand the suction
field measurements to include grab sampling through the
slab holes, and through utility openings in the block
walls. .

Well water radon analysis. If it is suspected from
experience in the mitigator’s service aréa that radon in
well water might be a significant contributor to the indoor
radon levels, and if the homeowner has not had a water
measurement conducted, it can be desirable to conduct a
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water measurement. This measurement would permit a
realistic assessment of how much airborne radon is likely
being contributed by the well water, recognizing that an
ASD system could not address the water-related contri-
bution to the indoor air levels. Mitigators working prima-
rily in houses served by municipal water supplies, or in
areas where well water radon concentrations are typically
low, would rarely (if ever) find it necessary to make water
measurements. Mitigators working in areas where very

.. high concentrations of radon in water sometimes occur

might want to have a water measurement made, if the
homeowner has not already done so, before guaranteeing
that a post-mitigation level of 4 pCi/L. will be achieved
with an ASD system alone.

A gamma measurement against the well water pressure
tank, against the water piping, or at a toilet bowl, is a
simple screening measurement that can be made to sug-
gest whether a more rigorous water analysis is warranted,

Flux measurements or gamma measurements. Mea-
surements of radon flux from interior building surfaces
{or, more conveniently, measurements of gamma radia-
tion near the surfaces, if 2 gamma meter is available) are
needed only in cases where there is reason to suspect that
building materials may be an important contributor to
indoor radon levels. These measurements would gualita-
tively indicate whether the building materials might be an
important radon source, thus limiting the effectiveness of
ASD {which can only address the soil gas source). Most
mitigators will rarely, if ever, have the need to conduct
these diagnostics. Building materials will be a significant
contributor only in unusual cases where, e.g., uranium
mill tailings, or natural materials with very high radium
contents, have been used as fill around the house or as
aggregate in the concrete. Unless there is some basis for
suspecting building materials to be a source, flux or
gamma measurements would more likely be conducted as
post-mitigation trouble-shooting diagnostics, to determine
why radon levels are still elevated, rather than as
pre-mitigation diagnostics.

Pressure differential measurements across the
house shell (above or below grade). Sometimes, usually
for research purposes, pressure measurements are made
between indoors and outdoors above grade. Such mea-
surements will rarely be useful in designing commercial
installations, except in assessing the threat of combustion -
appliance back-drafting. In addition, pressure measure-
ments can be made across the slab (with no suction being
drawn under the slab). These below-grade measurements
are conducted in conjunction with the suction field exten-
sion testing discussed earlier, '

Pressure differential measurements might be used to aid
in interpreting sub-slab suction field extension test data,
They could indicate whether the existing driving force
during the suction field diagnostics were much less than
the estimated maximum driving force that would be
expected during cold weather with exhaust appliances
operating. If the existing driving force during the diag-
nostics were much less than the estimated expected maxi-



mum, the additional sub-slab depressurizations needed to
compensate for the higher driving forces could then be
factored into the ASD design. Pressure differential mea-
surements across the shell could also be used to assess
house depressurization with various house appliances in
operation (e.g., a central furnace fan or a whole-house
exhaust fan), or under different weather conditions, in an
effort to quantify the actual maxzimum driving forces that
might exist in a particular house (rather than relying on
the conservatve rule-of-thumb values, 0.025 to 0.035 in,
WG for combined thermal and exhaust appliance ef-
fects).

For the above purposes, the preferred pressure differen-
tial to measure is that across the slab, between the house
and the sub-slab region (with the sub-slab vacuum off).
That is the differential against which the ASD system will
have to compete. The pressure differential between in-
doors and outdoors above grade will normally tend to be
slightly greater than that across the slab. Where a mitiga-
tor plans 1o conduct sub-slab suction field extension
diagnostics anyway, it makes sense to include pressure
measurements across the slab with the vacuum off, to aid
in data interpretation. Most mitigators never make
pre-mitigation indoor-outdoor pressure differential mea-

surements agbove grade to aid in mterpretmg sub-slab
suction field extension diagnostics.

The pressure differential across the shell above grade is
sometimes measured as an indicator of whether the house
might be prone to back-drafting of combustion appli-
ances. If the house is depressurized relative to outdoors
by a certain amount during cold weather prior to mitiga-
tion—e.g., by 0.02 in, WG or more, according to some
references (CMHCS8S, TEC92)—then there is a threat of
back-drafting that could be exacerbated by an ASD sys-
tem. Many mitigators use diagnostic approaches other
than pressure measurements across the shell above grade
1o assess the risk of back-drafting. Since many mitigators
conduct back-drafting tests as a post-mitigation diagnos-
tic, tests aimed at identifying back-drafting are discussed
in Section 11.

» Blower door testing. A blower door is a calibrated fan

which can temporarily be mounted in the doorway of a
house, either blowing house air out or blowing outdoor
air in, From measurements of the fan flows required to
maintain various pressure differentials across the house
shell, one can calculate the effective leakage area be-
tween the house and outdoors. This type of information is
generaliy not necessary for the design of an ASD system.
Thus, in the large majority of houses where a mitigator
can tell immediately that ASD is the mitigation technique
. of choice, blower door testing will not be conducted.

Blower door testing will be considered only in those
houses where house ventilation techniques or basement
pressurization appear to be candidates, because the house
in not amenable to ASD for some reasons (poor commu-
nication, high finish, complex substructure, ficldstone
foundation walls, etc.). The house leakage area can be
used to estimate natural ventilation rates, which can be
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used, say, to select the capacity (or o estimate the effec-
tiveness) of an air-to-air heat exchanger. The blower door
flows required to maintain a given basement pressuriza-
tion would suggest the practicality of (and the required
fan size for) a basement pressurization system, This
information could aid in the decision of whether to force-fit
an ASD system into a non-amenable house, or to try a
house ventilation or basement pressurization approach,

_ Bven where a house in not amenable to ASD, blower door

testing will not atways be necessary to aid in evaluation
these other approaches. For example, a house with
pre-mitigation levels above 10 to 15 pCi/L. will generally
not be reduced below 4 pCi/L. with a typically sized
air-to-air heat exchanger, since 200 cfimn units would
generally be expected to provided no more that perhaps
50 to 73% radon reduction (EPA88a), Thus, blower door
diagnostics would not be needed to assess the potential
for using an air-to-air heat exchanger in a house having
very high pre-mitigation levels. As another example,
houses with open staitwells or other significant openings
between the basement and upstairs would not be able to
achieve adequate basement pressurization without high
flows, which would likely create an unacceptable heat-
ing/cooling penalty and unacceptable drafts, No blower
door testing wounld be necessary to rule out basement
pressurization in those types of houses.

Tracer gas testing, Various tracer gases have some-
times been used for various purposes associated with
radon mitigation work, usually in research applications,
Tracer gas measarements would almost never be used by
acommercial mitigator, especially not as a pre-mitigation
diagnostic tool.

Sulfur hexafluoride (SF,) and perfluorocarbon (PFT) trac-
ers are commonly used to measure house ventilation rate,
House ventilation information is not necessary for the
design of an ASD system, as discussed previously; thus,
these tracer measurements would not be needed when-
ever it is immediately apparent that ASD is the system of
choice. Where ventilation information would be useful to
assess house ventilation and basemnent pressurization op-
tions, blower door testing would generally be the ap-
proach of choice to obtain that information. The equip-
ment and level of effort needed to make SF, measure-
ments are unrealistic for use in anything other than a
research setting. PFTs are relatively simple to use, but
even in this case, the costs of the PFT analysis, and the
time that wouid be required on the part of the mitigator to
deploy and retrieve the PFT emitters and detectors, would
not be practical in most commercial mitigation settings,

In previous research projects, halogenated hydrocarbons
have sometimes been used as tracer gases for qualitative
diagnostics. Halogenated hydrocarbons marketed under
trade names such as Freon® and Genetron® are widely
used as refrigerants as well as blowing agents, cleaning
agents, and fire extinguishing materials. They were at-
tractive for use as tracer gases because they are widely
available (e.g., through the refrigeration and



air-conditioning industry), and portable detectors for the
gases are relatively inexpensive and simple to use.

Among the pre-mitigation tests that individual mitigators
have conducted with halogenated hydrocarbons have been:
a) injection of the tracer beneath an adjoining slab on
grade, and detection of the tracer in the exhaust from a
vacuum cleaner drawing suction beneath the basement
slab, in an effort to better determine whether suction
drawn beneath the basement slab would extend to the
adjoining slab; and b) injection of the tracer into a drain
tile entering a sump, and detection of the tracer in the
exhaust from a vacuum cleaner drawing suction on a
second drain tile entering the sump, in an effort to deter-
niine if the tiles form a compiete loop.

However, EPA no longer recommends the use of most
halogenated hydrocarbons for radon mitigation diagnos-
tics, due to global concerns about stratospheric ozone
depletion. The original chlorofluorocarbon (CFC) refrig-
erants, such as R-12, are particularly damaging to the
ozone layer; more recent, so-called “transition” refriger-
ants—hydrochlorofluorocarbons (HCFCs), such as R-22—
are less damaging. The venting of either of these classes
of compounds by the refrigeration industry is banned by
the Clean Air Act Amendments of 1990. Although this
venting ban does not explicitly preclude tiic release of
CFCs and HCFCs in small quantities in connection with
radon mitigation diagnostics, the use of these gases for
diagnostics would seem inappropriate.

Advanced refrigerants—hydrofluorocarbons (HFCs}, such
as R-134a--do not contribute to ozone depletion, and
their venting by the refrigeration industry is not currently
banned. Thus, they are the one refrigerant gas that might
still be considered for diagnostic use.

Concerns about the environmental impacts of haloge-
nated hydrocarbons aside, most mitigators will probably
find it technically unnecessary to conduct diagnostics
using these gases in commercial application. Sufficient
information for ASD design will probably be obtained
from prior experience and from the visual inspection (as
well as from sub-slab suction field measurements, if
needed), without the use of these gases.

The following subsections address specific procedures for
conducting those diagnostics which are most commonly use-
ful to mitigators, along with discussion of how the results of
the diagnostic testing can be used in ASD design. Further
discussion of how the results can be used will be presented in
Sections 4 through 8.

. 3.2 Procedures for the Visual
Survey

Some type of visual survey will be required in every house
prior to installation, to confirm that ASD is the appropriate
mitigation technology for the house, and to determine the
basic design of the ASD system. The visual survey, together
with the mitigator’s prior experience with houses in the area,

will often be all the diagnostics that are required for effective
design of an ASD system,

There will be two general components to a visual survey. One
component will be an interview with the homeowner, 10
determine homeowner expectations and house usage patierns.
If the homeowner saw the house under construction or during
remodelling, the homeowner interview may aiso provide im-
portant building construction information (such as the pres-
enge of sub-slab aggregate) that might not be apparent during
the mitigator’s visit. The second component of the visual
survey wiil be an inspection to identify house characteristics
which could influence system design.

Some portion of the “visual survey” might in fact be con-
ducted over the telephone. However, in no case could all of
the necessary detail be obtained without an actual visit to the
house.

A number of house survey forms have been proposed to aid in
the conduct of the visual inspection (EPA88a, EPA&8b, Tug8&b,
Fo90, among others). One simple form is presented in
Figure 8.

Every form that has been proposed includes some items that
some mitigators will not really need at least some of the time.
The purpose of the forms is to provide a systematic method to
help an investigator ensure that key items will not be over-
looked during the survey, Because information that may be
important to one mitigator in one house may not be important
to another mitigator in another house, even the most practi-
cally oriented general form will always have some entries that
some mitigators will find unnecessary for system design.

The discussion below reviews the type of information that
mitigators should always collect, and why it is needed, irre-
spective of the specific survey form that is used.

s Pre-mitigation radon measurement resulits. In most
cases, the mitigator will not be responsible for conducting
the pre-mitigation measurements of indoor radon concen-
trations. However, in order to properly select and design
the mitigation systemn, the mitigator must find out from
the homeowner what the pre-mitigation levels are, and
what the measurement method and measurement condi-
tions were, For example, a high pre-mitigation concentra-
tion would rule out house ventilation as a candidate
mitigation technique; the large increase that would be
reguired in ventilation rate would likely result in unac-
ceptable energy costs and discomfort, and would be
beyond the increase in ventilation that could realistically
be achieved by air-to-air heat exchangers. Very high
levels could be supgesting a very high source term,
suggesting the possibility of high radon concentrations in
the ASD exhaust and hence the need for extra care in
designing the exhaust configuration.

To properly interpret these results, the mitigator must
know enough about how the measurements were con-
ducted to be able to make a reasonable judgement regard-
ing how representative the results are of annual averages
in the house. The type of information needed would
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RADON MITIGATION PROJECT RECORD
Pre-Mitigation Visual Survey

CONTRACTOR DATA
Contractor Name, : RCFPP LD,
Company Affiliation Phone No,
P. O. Box or Strast Address -
City State ZIP Coda

PROJECT DATA
Cliant or Agent Nams
Sita Addrass

City State ZIP Code

PRE-MITIGATION RADON MEASUREMENTS

Typs of Monitor Location of Monitor,
Starting Date of Test Tast Duration

Test Rasults

Test Conductad:

{J by a RMP contractor (list company name),
02.by the client in accordance with EFA Measurement Protocols
(2 undar unknown conditions

Comments,

HOUSE DESCRIPTION

Foundation Type(s)
{ Basement O Slab on Grade O Crawl Spaca

0 Combination (Dascriba)}

Foundation Walls
O Concrote {1 Block  Stone {3 Wood
0 Cther (Describe) ' .

Houses built on slabs
Basement or Slab-on-Grado Floor )
& Concrete O Exposed sarth 1 Wood Cther.

Sub-Slab Material (for housos with slabs)
{1 Aggregate O Soil (typs) O Unknown

Apparent Sub-Slab Obstructions
Slab/Wall Opanings Which Could Affect ASD Dasign
Drainage System (Sump, Drain Tilas)

({continuad)
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Figure 8. Example of a visual survey form.
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Houses built over crawl spaces
Crawl-Space Floor

{1 Exposed Earth {1 Gravel Over Earth Q Vapor Barrier Over Earth
0 Concrete or concrate wash & Other,

Accassibility of Crawl Space:

Accoss Door, Headroom

Obstructions in Craw! Space

Stories Above Grade or Basement
 one O two (7 three Comment

Atlic Spaca: {1 yas 0 no
Other comments about house substructure/design,

Heating/cooling system (Describe fual type, equipment, distribution system)

Possibla sources of significant house depressurization (e.g., attic fan)

Features Suggesting Mitigetion Approaches Other Than ASD

Any raason to expact building matsfials may be a sourca)

Watar Supply: Q2 Private Well & Public Well - {7 Fublic Surface Watsr Systam

Any features suggesting that basemernit pressurization should be considered)

Any features suggesting that house ventilation should be considered)

Any features suggesting that crawl-space deprassurization {or other crawl-space treatment,
other than SMD) sheuld ba considered)

Sketch the envisioned mitigation system, showing:

abova-grade obstructions, sub-siab obstructions, or accessibility.

- Any sealing staps that will be necessary.
- Other steps, required lo make mitigation systems other than ASD work.
- All important components of the mitigation system.

- House features which will affect ASD suction pipe location, such as slab or crawl-space floor dimensions, finish or other

- House featuras which will affact ASD exhaust pipe routing, including imterior (and/or exierior) finish and obstructions.

Form completed by

RCPP LD.
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Figure 8. (continued)
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include: the type of measurement device that was used;
the duration of the measurement; the general climatic
conditions during the test; where the measurement was
made (e.g., confirming that a detector was not placed in a
crawl space or sump); and the degree to which the house
remained closed during the test.

Factors determining which ASD variation is used.
These factors include: '

- House substructure (basement, siab on grade, crawl
space, or combination of these). The substructure will
determine whether SSD, SMD, or a combination of
techniques is used.

- Presence or absence of a sump with visible drain tiles,
or of exterior drain tiles draining to an above-grade
discharge (along with the apparent or reported com-
pleteness of the drain tile loop). The presence of these
features will determine whether sump/DTD or DTD/
remote discharge are options.

- Nature of the foundation wall (poured concrete vs.
hollow-block vs. fieldstone; if biock, are top voids
open, and is the wall otherwise very leaky?). This
information would help determine whether 2 BWD
component might be needed as a supplement to a SSD
or DTD system, or (along with other information)
whether BWD might be considered as a stand-alone
technique.

- Presence of a perimeter channel drain. If the
baseboard-duct configuration of BWD is going to be
considered, houses having perimeter channel drains
would be the best candidates for this approach (espe-
cially when the basement is not finished).

Factors suggesting house is not amenable to ASD,
or is amenable to alternative approaches. These
factors include:

- Known poor sub-slab communication (from observ-
able or homeowner-reported lack of aggregate, and
from experience in other houses in the area); complex
substructure (e.g., multiple wings); high degree of base-
ment finish; and/or fieldstone foundation walls. These
factors, especially in combination, could seriously com-
plicate application of SSD, BWD, or S8D in combina-
tion with BWD or SMD. ‘

- A crawl space which is inaccessibie or unusually clut-
tered, preventing application of SMD.

- A basement which is relatively. tight (no forced-air
‘ ducts, stairwell betwesn basement and upstairs has
door which can be closed, no other major openings
between the basement and upstairs such as laundry
chute), which would suggest the possible applicability
of basement pressurization.

- Homeowners amenable to the lifestyle required for
basement pressurization to be successful (e.g., willing
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to keep the door closed between the basement and
upstairs, acceptance of drafts and possible heating/
cooling penalty that might resuit).

A crawl space which is relatively tight (e.g., no forced-air
ducts, no foundation vents), suggesting the crawl-space
depressurization might be an option.

House is served by a private well, and a high radon
concentration has been measured in the well water (or
there is some other basis for expecting high radon

- concentrations in the water). In such cases, a water
treatment system might need to be considered as a
supplement to ASD.

Underlying soil is well-drained gravelly soil, in which
case soil pressurization might be considered instead of
ASD.

Factors which would influence the number and
positioning of SSD suction pipes. Such factors in-
clde:

Aggregate observed beneath the slab through slab open-
ings (e.g.. at the bottom of sump pits, registers for
sub-slab forced-air supply ducts, utility openings under
bathtubs, etc.); or, aggregate reported to be present by
homeowner, from observations of house during con-
siruction; or, aggregate believed to be present based
upon code requirements or COmmon construction prac-
tice in the area. Good aggregate would, of course,
suggest the need for only one or two SSD pipes.

Siab size. Especially where sub-stab communication is
suspected to be poor or uneven, a larger slab may
suggest the need for additional suction pipes.

House floor plan, degree of floor/wall/ceiling finish,
and living patterns. Suction pipes will preferentially be
installed in unfinished areas (such as unfinished por-
tions of basements, or utility rooms) or in concealed
areas {such as closets). In unfinished areas, pipes would
be placed out of the normal traffic patterns.

Homeowner plans and preferences. The owners’ plans
to finish a currently unfinished area, or personal prefer-
ences for aesthetic or other reasons, would influence
pipe location.

Observed or reported sub-slab utilities (such as sewer
lines and forced-air ducting) and in-slab utilities (such
as heating coils built into the siab), which could limit

locations where pipe penetrations can be made. '

Exterior driveways, patios, walkways, eic., which would
affect where below-grade penetrations might be made
from outdoors.

Apparent entry routes through the slab. Such entry
routes might suggest that suction pipe placement might
be biased toward those entry routes in order to help
ensure effective weatment. (Where the slab openings



are significant, location of a suction pipe foo near such
entry routes without at least partial sealing of the
openings could result in significant air short-circuiting
into the system.) Entry routes of concern might in-
clude: a region toward the interior of the slab where
there is extensive cracking; a block structure toward
the interior of the slab, which penetrates the slab and
rests on footings undemeath; and a perimeter block
foundation wall that extends the deepest below grade in
a walk-out basement.

Observed or reported sub-slab obstructions which di-
vide slab into segments, such as interior footings and
forced-air supply or retwrn ducts. While it will not
always be necessary to ensure that a SSD suction pipe
is placed in each segment of the slab if there is good
aggregate, it may sometimes be necessary, and the
mitigator should be aware that this problem might
arise.

Evidence of water entry into a basement through slab
or wall cracks, suggesting that drainage is poor in that
part of the basement and that suction pipes at that
location may become blocked by water during wet
weather.

L]

Factors which would influence the routing of the
exhaust piping. These factors include:

The availability of a convenient route for an interior
stack up through the house, through either: closets or
other concealed areas on any floors above the slab or
crawl space; or utility chases. The location of such a
convenient exhaost route could also influence SSD
pipe location.

Convenient access to an adjoining slab-on-grade ga-
. rage, so that the exhaust stack can be routed up through
the adjoining garage instead of through the house.

Locations where the exhaust piping can reasonably
penetrate through the basement band joist, and where
an exterior stack/exhaust can be installed.

The presence and accessibility of an attic where the fan
for an interior stack can be mounted, if an interior stack
is planned.

The nature and degree of finish in the areas through
which the exhaust piping may have to pass. If an
exhaust piping route cannot be identified which largely
avoids finished areas, this could increase installation

« Factors which would influence the design of a costs and have an aesthetic impact, The nature of the
crawl-space SMD system. These factors would in- basement ceiling is one particularly important element
clude: of the finish; an unfinished or a suspended ceiling will

The size of the crawl space. Larger crawl spaces will
increase membrane materials and installation cost, and
would increase the likelihood that sub-membrane per-
forated piping or multiple suction pipes would be needed
to adequately distribute suction beneath the membrane.

The nature of the crawl-space floor. Gravel on the floor
would facilitate suction field extension under the mem-
brane. brregular floors, e.g., with protruding rocks,
could require heavier membranes, and more effort in
membrane installation.

The accessibility of the crawl space, including head-
room and major obstructions such as forced-air heat-
ingfcooling systems. Poor access to some portions of
the crawi space could increase installation costs and

perhaps require design modifications which include

leaving portions of the floor uncovered. (Poor access to
the entire crawl space could require the use of a mitiga-
tion approach other than SMD.)

Expected traffic patterns in the crawl space. If particu-
larly heavy traffic is anticipated over some significant
portion of the crawl-space floor (e.g., due to the loca-
tion of appliances in the crawl space), it may be neces-
sary to place heavier membrane—in extreme cases, 45-
or 60-mil sheets of EPDM™ (a rubber-like roofing
membrane), or some other appropriate material—on
top of {or in place of) the polyethylene membrane in
the heavy-traffic areas to protect the membrane from
being punctured.
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greatly simplify horizontal piping rums, relative to a
sheetrock ceiling,

Any obstructions (such as ducts and wtility pipes) which
may complicate rouating, e.g., by requiring that a hori-
zontal piping run make a vertical bend which could
hinder maintaining proper pipe slope for condensate
drainage purposes.

Any exterior finish which would influence the ability
10 penetrate the house shell near grade and extend a
stack up the outside of the house, where an exterior
stack is planned. Such finish couid include, e.g., exte-
rior brick or stone ciadding at the point where the
exhaust piping would peneirate the shell, or the nature
of the exterior siding and roof overhang, if it is aes-
thetically important to box in or otherwise finish the
exterior fan and stack,

» Factors affecting the degree of sealing required.

Significant slab or wall openings that could require some
form of closure during installation should be noted. Open-
ings of particular importance include: '

Wide gaps at the perimeter wall/floor joint (including,
in the extreme case, a perimeter channel drain). The
accessibility of this joint should also be noted, since
that will significantly influence the practicality of (or
the installation effort required for) closure of this gap.

Other major slab openings, such as sump holes, un-
trapped floor drains, cold joints, and utility penetra-
tions.



Major wall openings (in particular, open top voids in
hollow-block foundation walls), This is of particular
importance when a BWD component to the ASD sys-
tem is anticipated.

» Driving forces for radon entry which could influ-

ence ASD design. The house design and operating
features which influence radon entry driving forces will
not often be that important to a mitigator when there is
good sub-siab communication. Under those conditions,
the sub-slab is likely to be depressurized sufficiently to
withstand the depressurizations created by appliances,
and the flows induced by thermal bypasses. However,
where communication is marginal, general knowledge of
the challenges that the system might be facing could aid
in judging how conservatively the system should be
designed. Features that can be noted include:

Appliances that can contribute to depressurization of
the lower level of the house. These appliances include
combustion appliances (furnaces and boilers, fireplaces,
wood stoves, and water and space heaters), if these
appliances burn fuel (1.e., are not electric), and if they
are operated with any frequency. Depressurizing appli-
ances also include exhaust fans (clothes driers, room
exhaust fans, whoie-house exhaust fans, and exhaust
fans on kitchen ranges). :

Where cold-air return ducting is located inside the
livable space, as is commonly the case, central forced-air
furnace fans can often serve essentially as exhauvst fans
for that portion of the house in which the return ducting
is present. This situation will exist if there are not
sufficient supply registers in that portion of the house
to compensate for the air withdrawn by return registers
and by the leaky, low-pressure return ducting. Or, if the
forced-air supply ducting is located outside the livable
space (such as in the attic or garage), a similar situation
could occur.

If, in aggregate, the appliances present appear as though
they might be sufficient to create significant depressui-
ization when operating, the ASD system may warrant
additional suction pipes or other measures in an effort
to increase the sub-slab or sub-membrane depressur-
izations created by the system.

The presence of combustion appliances, especially in
basements, would also alert the mitigator to check for
back-drafting if the ASD system has unusually high
exhaust flows. This can be a particular problem if a
BWD system is being considered.

Thermal bypasses, which could increase the flow of
soil gas into the house through entry routes if the entry
-routes are not adequately depressurized by the ASD
system. Major thermal bypasses inclade, e.g., unclosed
stairwells between house stories, laundry chutes, utility
chases, chases around flues, openings associated with
forced-air ducts, etc. Thermal bypasses will often not
be a significant concern in ASD design in most cases,
but if communication is marginal and if the thermal

bypasses are extensive, the mitigator may want to be
somewhat more conservative in system design.

In the conduct of a visual survey, the tools most likely to be
required are a flashlight, a screwdriver, and a stiff brush. The
screwdriver might be used, e.g., to pry grilles off of a floor
drain in order to see if it is trapped; the brush might be used to
scrape away dirt and concrete wash at the wall/floor joint in
order to better see the nature of the crack there. Some mitiga-
tors also utilize heatiess chemical smoke devices, to enable
visualization of air flows. Chemical smoke could indicate
whether. air flow is into the house at various openings, sug-
gesting the possible importance of those openings; it could
also be used around flues of combustion appliances, to assess
whether the appliances are drafting properly or whether the
house is near back-drafting conditions prior to mitigation.

One output from the visual survey will be a recommendation
regarding any further diagnostic testing that is needed before
the mitigation system can be designed. If no further diagnos-
tics are found t0 be necessary, the final output of the visual
survey will be the design of the system, as suggested by the
last page of Figure 8§ (the sketch of the mitigation system),
The level of written detail desirable for the design depends on
whether the person(s)} who conducts the visual survey and the
design will be on-site at the house during the actual installa-
tion, with less detail being needed if the designer is going to
be present to give directions to the workinen. A floor plan of
the lowest level of the house roughly to scale, showing, for
example., the pipe penetrations and routing for the envisioned
system, the fan location, and key house features influencing
design, will generally be advisable, 10 help the mitigator
visualize the system and determine materials requirements,
and to aid in communication with the workmen and the
homeowner.

3.3 Procedures for Sub-Slab
Suction Field Extension
Measurements

If there is not evidence of a reasonably consistent aggregate
layer beneath the slab, from either the mitigator’s observation
or from the homeowner’s experience and if the mitigator’s
prior experience in the area does not suggest whether the
house is likely to have aggregate, then sub-slab suction field
extension measurements may be advisable.

Suction field extension measurements involve generation of a
suction field under the slab prior to installation of the mitiga-
tion system, and then measuring the suction field induced
under the slab at test holes remote from the suction point.
Commonly, this pre-mitigation suction field is generated us-
ing an industrial vacuum cleaner, Another option that has
been suggested but does not appear to have been used to date
is to utilize an ASD fan, mounted on a 4-in. pipe in a portable
test stand, to generate the suction. Use of a fan and pipe
similar to that which is to be used in the ultimate system
would provide more meaningful and easy-to-interpret suction
field and flow data than would a vacuum cleaner, since the
vacuum cleaner motor has a much different performance
curve than do ASD fans.
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Rather than using a portable ASD fan test stand, some mitiga-
tors use the mitigation system itself to generate the suction
field, installing the first suction pipe, mounting the fan, and
turning the system on. If the results show inadequate exten-
sion of the suction field, additional suction pipes are installed
where needed. This approach might be viewed as
during-mitigation, rather than pre-mitigation, diagnostics.

In the discussion here, it will generally be assumed that a
vacuum cleaner is being used, because vacuum cleaners are
commonly employed, and because more care is usually needed
in the conduct of the test and the interpretation of the results
when a vacaum cleaner is used. Where necessary, it will be
indicated how the procedure would differ if an ASD fan rather
than a vacuum cleaner were being used to generate the suc-
tion.

Suction field extension measurements can be conducted with
two different approaches.

The first, qualitative approach is simply to determine whether
sub-slab communication is refatively good or poor, This ap-
proach involves fewer test holes (e.g., one in each corner of
the basement), and indicates whether suction is generally
extending well in various directions. (It can also indicate
whether system flows will be relatively low or high.) This is
the approach to start with any time that comnrunication is
unknown and might be good. If this test shows that communi-
cation is good (by virtue of good sub-slab depressurizations
induced by the vacuum cleaner in the slab comers), then no
further diagnostics may be needed. But if the results indicate
that suction field extension is marginal, poor, or uneven, more
sub-slab data may be desirable 1o design the system. In that
. case, the testing can be extended to provide more quantitative
results, per the second approach below, by drilling more test
holes and more carefully controlling the speed of the vacuum
cleaner.

The second, more quantitative approach can be useful when
sub-siab communication is marginal or poor. By adjusting the
vacuum {o better reproduce SSD flows, and by measuring
vacuum-induced sub-slab depressurizations through more test
holes, a more definitive estimate can be developed regarding
how far the suction field from a SSD suction pipe might
extend, and thus how many SSD pipes might be needed (and
where they might best be located). As discussed later, these
more extensive tests with a vacuum cleaner may not predict
exactly how far the suction ficld from a 4-in. S8D pipe wiil
extend. Most often, the vacuum cleaner diagnostics tend to
over-predict the number of SSD pipes required. Any diagnos-
tic testing conducted using a SSD fan test stand or using the
initial SSD system to generate the suction field will almost
automatically reproduce SSD flows and thus almost automati-
cally be quantitative, if a sub-slab suction pit is excavated and
if the suction tosses in the system piping are simulated.

The experimental setup for quantitative suction field exten-
sion testing using a vacuum cleaner is illustrated in Figure 9.
The details of this configuration will be discussed later, in
Section 3.3.2. This figure will also be helpful in understanding
the qualitative testing approach, as well as some of the key
concepts regarding suction field extension testing.

In conducting sub-slab diagnostics using a vacuum cleaner, a
mitigator must be aware that the suction-vs.-flow perfor-
mance curve of the vacuum cleaner will be very different from
that of the ASD fan that will ultimately be installed. Thus,
care must be taken in cases (such as with the guantitative
approach) where it is desired to attempt to reproduce actual
SSD flows and suctions using the vacuum. The approach for
simulating the SSD system is to adjust the vacuum cleaner
speed so that the sub-slab depressurization measured at a
baseline test hole 8 to 12 inches away from the vacuom
nozzle—i.e., at a point that would be in the sub-slab suction
pit under a SSD pipe, were the SSD pipe to be installed where
the vacuum nozzle is-—is about equal to that which the SSD
pipe is expected to produce in the sub-slab pit. See Figure 9,
Simple theory regarding sub-slab flow dynamics predicts that
if the these sub-slab depressurizations are equal, then the
flows in the vacuum cleaner should nominally be the same as
the flows in the SSD system, despite their very different
performance curves. And under these conditions, the sub-slab
depressurizations generated by the vacuum at more remote
test holes will nominally be the same as those generated by a
SSD system. [f the sub-slab depressurization with the vacuum
at this baseline test hole is not set equal to that expected with
the SSD pipe, then the flows and depressurizations generated
by the vacuum will have no quantitative relationship to those -
that will be generated by the SSD system.

In slabs having good aggregate, flows may be sufficiently
high such that the relatively low-flow vacoum cleaner will be
unable to achieve the desired suction at the baseline test hole
as specified above. In these cases, the vacuum will be unable
to simulate a SSD system. But in cases where aggregate is
good and flows high, quantitative suction field diagnostics
will be unnecessary anyway.

From a practical standpoint, some mitigators might find it
more cost-effective to perform the sub-siab diagnostics dur-
ing the instailation, as mentioned earlier, when sub-slab com-.
munication is uncertain. In this case, additional suction pipes
would be added as necessary if the initial pipe(s) proved.
unable to extend a sufficient suction field. An added advan-
tage of proceeding in this manner is that, since the suction
field is being created by the system fan, there is no concern
about whether a diagnostic vacuum cleaner is properly repre-
senting the system fan. A disadvantage of this approach is that
the mitigator will not know what complications may be present
until installation is well underway.

If a mitigator decides to skip the pre-mitigation sub-slab
diagnostics, and if the initial hole(s) drilled through the slab to
instail suction pipes show no aggregate or other evidence of
likely poor communication, then it is advisable to proceed
with during-mitigation (or post-mitigation) suction field test-
ing, as discussed above. The cost of conducting these diagnos-
tics while the installation crew is on site is estimated to be
roughly 345 (with a standard deviation of $47) in unfinished
basements (He91b, He91c). By comparison, if the crew leaves
the site and depends upon a post-mitigation radon measure-
ment to alert them that the system is not functioning as:
desired, this cost may increase by roughly $150, due to the
time required for the crew to return to the site. Or, as another
option, the mitigator might elect to simply install a second
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Pitot tube or other device to measure the flow
of sub-slab gas into the vacuum cleaner;
needed if it is desired to measure sub-slab
flow characteristics to aid in selecting the S8D
fan having the optimum performance curve.

PVC bali valve, to allow room air to bleed

into vacuum cleaner intake as necessary to
achieve the desired sub-slab depressurization
at the baseiine test hole. (This is an alternative
to the use of a speed controller on the vacuum
cleaner motor as a method for adjusting the
induced sub-slab depressurization at the
‘baseline hole.)

1.25” PVC pipe: rigid pipe facilities mounting
in stab and enables measurement of flow into
vacuum, if desired.

Flexible
Vacuum Hose

Exhaust

Discharged

Qutdoors

/
To
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- capable
of measuring sub-slab depressurizations in the
range that will be developed by the SSD suction
pipe {commonly 0.5-1.5 in. WG, sometimes higher).
Room air bleed into the vacuum cleaner intake

(or vacuum motor speed) must be adjusted until
this gauge shows that the vacuum cleaner is
maintaining the sub-slab depressurization that

the §SD fan is expected to produce at this

iocation {i.e. in the suction pit).

- Micromanometer, to measure the sub-slab
depressurization at remote test holes. If the
vacuum cleaner can be adjusted so that the
sub-slab depressurization at the baseline test
hote with the vacuum is identical to that which
the SSD fan will produce at that location {i.e. in
the pit beneath the SSD suction pipe), then the
measured sub-slab depressurizations at remete
test holes with the vacuum should be identical
to that which the SSD fan will produce at the
remote holes,
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Figure 8. Experimental configuration for quantitative pre-mitigation sub-slab suction field extension and flow diagnostics using a vacuum

cleaner.

suction pipe at a convenient location without spending the
estimated $45 to do the diagnostics. Installation of a second
pipe adds roughly $135 (standard deviation $44) to $225
(standard deviation $90) to the cost, depending upon degree of

finish. It is a judgement call regarding whether it is a reason- .

able gamble to spend $135-$225 to install a suction pipe
without first spending roughly $45 for diagnostics to see if the
pipe is necessary and where it should optimally be located.

The following discussion describes the equipment and materi-
als needed, the test procedure, and the means for interpreting/

utilizing the test results, for each of the two measurement
approaches.

3.3.1 Qualitative Assessment of Suction
Field Extension

This suction field extension measurement approach provides
a qualitative indication of whether communication is rela-
tively good or poor, and of how uneven it may be.
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+ Equipment and materials required

industrial vacuum cleaner (assuming, as discussed
above, that a vacuum cleaner is being used rather than
an ASD fan). While units having various performance
characteristics are available, typical vacuum cleaners
used in diagnostics can develop suctions up to 80 in.
WG at zero flow, and flows of perhaps 100 cfmn at zero
static pressure. (If an ASD fan were used instead of a
vacuurmn, so that flows during the diagnostics approxi-
mated ASD system flows, this test could almost auto-
matically become gquantitative, as mentioned previ-
ously.)

Sufficient vacuum cleaner hose to permit the vacuum
to be located outdoors during the tests, or, if the vacoum
were indoors, to permit the vacoum exhaust to be
routed outdoors. Directing the exhaust outdoors will
avoid the discharge into the house of high-radon soil
gas and of dust that is not captured by the vacuam. If
the vacuum itself were outdoors, fugitive soil gas and
dust escaping from the vacuum would be prevented
from entering the house, The vacuum is depicted in-
doors in Figure 9 for convenience.

A suitable masonry drili for drilling holes through the
concrete slab. An electric rotary hammer drill is com-
monly used for this purpose.

Drill bits for the masonry drill, including: one bit
slightly larger than the nozzle of the vacuum cleaner
(typically about 1.25 in. diameter), o drill the hole
through which the vacuum nozzle will penetrate the
slab; and one bit for the test holes (1/4- to 1/2-in.

diameter).

Pressure sensing device, for determining sub-slab de-
pressurizations at the remote test holes. This device can
be one of the following:

-- Preferably, a digital micromanometer as shown in
Figure 9, capable of detecting pressures as low as
0.001 in. WG. This device provides a guantitative
measurement. Flexible tubing of a diameter similar
to that of the test hole is required to connect the
micromanorneter to the sub-slab through the test
hole.

-- A heatless chemical smoke device. Chemical smoke
may sometimes be more sensitive than the micro-
manometer in detecting depressurizations, since
smoke might be drawn down into the test hole at
suctions below (.001 in, WG, For qualitative as-
sessments of suction field extension, the qualitative
indication of depressurization provided by smoke
sticks may sometimes be sufficient. However, the
quantitative result from a micromanometer is ex-
tremely useful in telling the mitigator whether the
suction field extension is marginal or strong. An-
other concern about the use of smoke is that the test
hole will not be sealed by tubing, as with a micro-
manometer; when the sub-slab suction is marginal,
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the open test hole may be sufficient o neutralize the
sub-slab depressurization at that location (Gad92).

Thermally generated smoke (from a punk stick or
cigarette) should never be used for this purpose.
The natural thermally-induced rise of this smoke
could mask or prevent any flow down into the hole
in response to sub-slab depressurization. Also, there
is a fire hazard.

Rope caulk or putty, to provide an air-tight seal where

. the vacuum cleaner nozzle and the micromanometer

tubing penetrate through the slab. In addition, the rope
caulk can be used to temporarily close individual test
holes while measurements are being made at another
hole, to prevent the measurements from being infly-
enced by air leakage through the other holes.

Hydraulic cement or other non-shrinking cement, to
permanently close all of the holes following testing.

(Optional) A pitot tube (or some other suitable device,
such as an anemometer or a calibrated orifice) to deter-
mine flows in the vacuum cleaner nozzle, as shown in
Figure 9. Relatively high flows in the nozzle would
confirm observed good communication, and would
suggest that a relatively high-flow fan is needed on the
ASD system. (It could also be suggesting air leakage
into the sub-slab near the vacuum cleaner, possibly
explaining poor communication), Relatively low flows
would tend to confirm poor communication, and possi-
bly suggest the need for a low-flow, high-suction ASD
fan. For this qualitative testing, some investigators
suggest dispensing with the pitot tube, and simply
judging whether the vacuum flow is high or low from
the sound of the vacuum motor (Br91b).

Note that the Magnehelic® gauge shown in Figure 9,
mounted in a baseline test hole near the vacuum nozzle,
in not included on this list for the qualitative test. The
additional effort involved in instailing this gange in a
baseline hole, and in adjusting the vacuum to achieve
the desired depressurization at that hole, is a key factor
distinguishing between the qualitative and quantitative
procedures.

Test procedure

From the house floor plan, select the location for the
1.25-in, vacuam cleaner suction hole through the siab.

-~ If a 88D system is being considered, the suction
hole ideally should be located at a site where a S8D
suction pipe will potentially be installed. This selec-
tion not only reduces the number of places where
the slab is penetrated, but also reduces the potential
for differences between the diagnostic results and
the actual system performance, in the event that
commurnication varies at different locations around
the slab. (Note that if an ASD fan on a 4-in. pipe is
being used to generate the suction field rather than a
vacuum cleaner, the 4-in. hole through the slab



would almost certainly be drilled at the site of a
permanent suction pipe.)

The goal of Jocating the vacuum cleaner hole at a
potential SSD pipe site means that the vacuum hole
may be near the slab perimeter, especially if poor
communication is suspected. Most radon entry will
often be through the perimeter wall/floor joint and
block foundation walls, so that it is most important
to determine that the suction field is extending
effectively at the perimeter. The suction hole should
be at Jeast 6 to 12 in. from the wall, to avoid the
footing (EPA8Rb, Gad89, Br92). The vacuum hole
must not be near any major slab opening. If there is
a large wall/floor joint—in particular, if there is a
perimeter channel drain—substantial air leakage
through the perimeter joint can overwhelm the
vacun cleaner, which cannot move a lot of air
(perhaps 100 cfm). In such cases, the vacuum hole
should be toward the center of the slab, even if the
ultimate installation may involve closure of the
perimeter gap and location of SSD pipes near the
perimeter, ‘

In cases where SSD pipes should not be placed near
the perimeter walls, such as in slab-on-grade houses
in Florida, it has been suggested that the vacuum
hole be located between 6 and 15 ft from exterior
walls (Fo90).

Consistent with the selection of sites for SSD pipes,
the vacuum cleaner suction hole should be in an
unfinished area (such as an unfinished basement or
a utility room) or in an inconspicuous area (such as
a closet), acceptable to the homeowner.

As with SSD pipe site selection, the vacoum suction
hole site should be selected in an effort to avoid
sub-slab or in-slab utilities.

If there is a sump with a drain tile loop, and sump/
DTD is the intended mitigation technique, the
vacuum cleaner can draw suction at the sump, avoid-
ing the need to drill a 1.25-in. hole through the slab.

Select the location for the suction measurement test
holes.

For this qualitative measurement, one test hole in
each quadrant of the slab, generally toward the
corners, would be appropriate. Because of the im-
portance of suction field extension around the pe-
rimeter, location of the test holes near the walls is
generally preferred, but not so close to a wide wall/
floor crack that the suction field will have dropped
near zero. Some investigators suggest locating the
slab test holes at about the middle of each wall,
about 6 in. out from the wall (EPABSb). If it is
suspected that communication is good, some miti-
gators may wish to start with only one or two test
holes, at locations the most remote from the suction
hole (Gad89); by this approach, additional suction
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holes would be drilled only if the pressure measure-
ments at the first hole(s) indicate that communica-
tion is not good. The holes should not be immedi-
ately beside major openings, such as perimeter chan-
nel drains, since, even with good commaunication,
sub-slab depressurizations will have declined to-
wards zero near such major air ieakage points.

As with other slab holes, the test hole locations
should be selected to be inconspicuous, and to
avoid utility hines.

Drill 1/4- to 1/2-in. suction test holes.

H initial testing is being conducted on only one or
two test holes, because good communication is
suspected, drill these first, ‘

If the hole is being drilled through
asbestos-containing floor tile over the slab, some
mitigators place a wet sponge (or some other mate-
rial, such as shaving cream) on top of the tile at the
dritling site, to prevent asbestos fibers from becom-
ing airborne during drilling.

Make sure the drill bit penetrates through the slab
and any vapor barrier, into the sub-siab fill.

Try to assess the nature of the sub-slab fill. One
approach for doing this (Bro92) is to stop the drill
Jjust after it penetrates the slab. Then, push the drill
down into the sub-siab material to determine how
compact it is. Tum the drill back on for a second,
then pull it out and inspect the bit. If it is clean, this
suggests that aggregate may be present, or that the
soil under the slab may have subsided. If there is
dirt on the bit, that will indicate that aggregate is not
present, and will suggest the type and wetness of the
soil immediately under the slab.

This information will aid in the interpretation of the
suction field extension test results. If aggregate is
present at all of the initial test holes, a decision may
be made not to continue with the suction field
extension test (depending upon prior experience
with the evenness of aggregate layers in that area),
avoiding the need to drill the remaining test holes or
the vacuum cleaner suction hole.

Vacuum up the dust created by drilling, to avoid
plugging of the micromanometer sampling tube
{and of the grab sampler filter, if grab sampling is
performed), and to permit effective sealing of the

. gap between the sample tube and the slab. If a

sub-skab grab sample is 1 be drawn for a radon
measurement, the vacuum should be operated as
briefly as possible (for only a few seconds), to
minimize any artificial reduction in the sub-slab
radon level.

Temporarily close test holes with rope caulk.



-- (Optional) If a grab sample is to be taken to deter-
mine sub-slab radon concentrations at the test holes,
that sample would be taken at this time. Following
the vacuuming step above, the hole should remained
closed with the rope caulk for awhile before the
sample is taken, to let the sub-slab concentrations
re-equilibrate after possible ditution due to the drill-
ing and vacuuming,

Drill 1.25-in. suction hole through slab for vacuum
cleaner nozzle, and insert nozzle.

-- See comments above for drilling test holes, for
cases where asbestos-containing floor tiles are cov-
ering the slab.

-- Make certain drill bit penetrates through the slab
and any vapor barrier, into the sub-slab fiil.

- Inspect the nature of the material under the slab, as
discussed above for the test holes. Again, if aggre-
gate appears to exist everywhere, continuation of
the suction field extension diagnostics is probably
unnecessary.

- Vacuuom up the dust created by the drilling, to
permit effective sealing of the gap between the
nozzle and the slab. Minimize operation of vacuum
if it is planned to draw sub-slab grab samples for
radon measurements.

-- {Optional) Any grab sample for radon measure-
ments would be taken at this time, if planned. See
comments above in connection with the test holes.

-- Insert the nozzle into the hole, to a depth about one
half the thickness of the slab, Insertion of the nozzie
all the way to the underside of the slab might result
in partial blockage of the nozzle by the sub-stab fill.
Tightly press rope caulk or putty around the circum-
ference of the nozzle, at the joint between the side
of the rozzle and the top of the slab. Failure to seal
this gap will result in significant air leakage down
through the gap, reducing suction field extension,

The vacuum cleaner hose attached to this nozzle

should be long enough to extend to the vacuum -

cleaner located outdoors. Alternatively, if the
vacuum is in the house near the suction point, the
hose on the vacuum cleaner exhaust should exhaust
outdoors.

-- If the vacuum is to draw suction on an existing
sump, rather than through a hole drilled in the slab,
seal a sheet of plastic over the sump, and seal the
vacuum nozzle through the plastic. Alternatively,
seal the vacuum nozzie into an exposed drain tile
where it enters the sump, and temporarily seal the
ends of any other drain tiles entering the sump,

Place the house in the condition that will be used
throughout this testing. In general, it is recommended
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that this condition be with exhaust appliances operat-
ing, to simulate the most challenging conditions in that
particular house. i no sub-slab depressurizations are
measured under those conditions, the appliances might
be tumned off (and perhaps windows opened), to see if
some sub-slab depressurization is being achieved un-
der non-challenging conditions,

With the vacuum cleaner off, measure the sub-slab
pressurization (or depressurization) at each test hole
with the micromanometer, This will indicate the “base-

- line” pressure difference across the slab under the

weather and appliance operation conditions existing
during the tests. As discussed in Section 3.5.4, this
measurement will indicate how the existing conditions
compare against the expected maximum slab pressure
differential (i.e., the expected maximum driving forces),
and may thus aid in interpreting the results with the
vacuum operating,

- Remove temporary rope caulk seal over each hole;
replace after measurement is completed,

-- Insert sample tube from micromanometer, to a depth
about half the thickness of the slab. Press a rope
caulk seal around the tubing circumference, at joint -
between tubing and top of slab. Failure to effec-
tively seal this gap will result in serious measure-
Mment error.

- Observe reading on micromanometer. Reading will
likely fluctuate somewhat, as a result of minor
pressure changes inside the house due to winds, etc,
Record the observed range, and/or the average.

-- Check the zero on the micromanometer often, pref-
erably before each reading in cases where the mea-
sured pressures are very low, ‘

-- H the mitigator has only a chemical smoke device,
and not a micromanometer, a quantitative measure
of existing pressures would not be possible, and this
baseline measurement would thus be of less value.
However, when the smoke testing is done during
operation of the vacuum (see below), it would still
be worthwhile to turn the vacuum off during the
testing at each test hole, to see if these is a distinct
difference in smoke flow with and without the
vacuum operating,

Measure the depressurization created beneath the slab
ateach test hole when the vacuum cleaner is operating.
On vacuum cleaners having speed controllers, operate
the vacuum at full power for this relatively qualitative

test.

-- With tape covering other test holes, insert sample
tube from micro-manometer into each test hole in
turn, Seal gap between the tubing and the top of the
slab with rope caulk or putty.



-- Where communication is marginal to poor, it may
take 2 minute, or perhaps several minutes, for the
suction from the vacuum to become established,
especially at remote test holes.

-- Observe the reading on the micromanometer at
each hole, Record the range and/or the average of
the readings. Compare these values with the values
measured before the vacuum cleaner was turned on.

-~ Check the zero on the micromanometer often, pref-
erably before each reading in cases where the mea-
sured depressurizations are very low.

-- Be careful if any test holes are near the suction
point, The high suctions that can sometimes exist
near the vacuum cleaner when flows are low (tens
of inches of water) can be high enough to damage
some micromanometers.

-- If a chemical smoke device is used, release only a
small quantity of smoke very near to the test hole.
The smoke patterns can sometimes be obscured by
air currents in the room when the pressure differ-
ence across the slab is guite small. Back- Eighling
the smoke with 2 flashlight can be helpful in seemg
the smoke patterns (EPAZ8b). :

-- If the vacuum cleaner nozzle is not fitted with a
pitot tube (or other device for measuring flow), a
gualitative assessment of whether the flows seem to
be high or low should be noted from either the
sound of the vacuum motor (Br91b, Bro92) of from
the apparent velocity of the vacuum exhaust (Bro92).
‘The sound of the motor {(or the feel of the exhaust
jet) at high and low flows can be determined by
operating the vacuum, first with the nozzle in free
air ¢high flow), then with the nozzie blocked (low
flow).

-- (Optional) If the vacuum cleaner nozzle is fitted
with a flow measurement device, the flows in the
nozzie should be recorded. .

All holes that have been drilled through the slab must
be permanently cemented closed after testing is com-
picte.

+ Interpretation of results

Communication is probably reasonably good and rea-
sonably uniform if induced sub-slab depréessurizations
could be distinctly measured with the micro-manometer
at each test hole (or the smoke flow was distinctly
down into each test hole} with the vacuum cleaner
operating.

-- The stronger the measured depressurizations, the
more confident one can be in this result.

-- Also, if the house was probably near the maximum
driving force during the testing (cold weather, ex-
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haust appliances operating}, one can be more confi-
dent in this result.

-~ As an option, a mitigator might qualitatively com-
pare the baseline (vacuum off) pressure differen-
tials measured during the testing with the
roughly-projected worst-case maximums for cold
climates (about 0.025 to 0.035 in, WG). As a quali-
tative approximation, was the vacuum developing
sub-slab depressurizations of the right order to po-
tentially compensate for worst-case conditions? (See

- Note below.)

-~ Relatively high flows in the vacuum cleaner would
generally tend to support these suction field obser-
vations.

-- The confidence that communication is good is in-
creased if aggregate was observed through the test
holes.

-~ If sub-slab depressurizations are marginal but flows
are high, this conld be indicating that commumnica-
tion is good but that the relatively low-flow vacuum
cleaner is being overwhelmed by the available flow.
In such cases, the ASD system (with perhaps double
or treble the flow capacity of the vacuum) might
perform well. (Marginal depressurizations and high
flow could also be suggesting a leak through the
slab near the vacuum.)

-- Note: Tt is re-emphasized that, in this qualitative
testing, no effort has been made to try to make the
vacuum cleaner simulate an actual ASD fan, Thus,
the actal sub-slab depressurizations measured with
the vacuum cleaner will be different from those that
will be established by the ASD systemn, Thus, any
use of the actual sub-slab depressurizations mea-
sured with the vacuum-—e.g., to assess whether
they might be sufficient to compensate for worst-case
house depressurization, as suggested above—can
be done in only a qualitative manner.

When communication thus appears to be reasonably
good and uniform, only one or two SSD pipes will
likely be sufficient, and there will be flexibility in
selecting where the pipes are to be located. (Or, if a
sump/DTD system is being considered, confidence is
increased that the system will perform well even if the
drain tile loop is not complete.)

If the results are inconclusive, with distinct depressur-
izations in some test holes, but with no (or marginal)
depressurization in other holes, this may be suggesting
that communication is not uniform or that the suction
field is having difficulty extending to the more remote
portion of the slab. In this case, the logical next step is
determined based upon the mitigator’s experience with
other houses in the area.

-- The mitigator might elect to proceed with the instal-
lation of a one- to two-pipe SSD system, if one or



more of the following conditions exist: a) flows in
the vacuum were high, and there are no nearby siab
openings through which air could have been
short-circuiting into the vacuum, suggesting that
the vacuum cleaner was simply being overwhelmed
by high flows from a sub-slab region having good
communication; b) aggregate appeared to be present;
¢) the poor depressurizations were observed only at
a few of the most remote test holes; d) the house
was tested under challenging conditions (cold
weather and exhaust appliances operating), so that
the risk is reduced that the observed marginat de-~
pressurizations might be overwhelmed by more chal-
lenging conditions later; and ¢) local experience
suggests that houses such as the one tested can be
adequately treated by one or two pipes.
Post-mitigation sub-siab suction field measurements
should be performed to confirm that, in fact, the
slab is being adequately treated.

If conditions a) through ¢) above are not present, the
mitigator might elect 1o proceed with the installa-
tion, installing a conservatively-designed system
{with additional suction points). Again,
post-mitigation suction field measurements should
be performed.

-- The mitigator might elect to proceed with the instal-
lation, conducting suction field measurements dur-
ing installation. The first one or two suction pipes
would be installed, the system fan turned on, and
those resnlts used to determine where any addi-
tional suction pipes should be located,

The mitigator might elect to conduct more quantita-
tive communication diagnostic testing (Section 3.3.2)
in order to better quantify SSD pipe requirements.

- If the results suggest poor suction field extension, with
no (or only marginal) depressurizations observed in
most or all of the test holes, then poor communication
should be assumed, Under these conditions, the mitiga-
tor would be well advised either to conduct more
quantitative suction field extension diagnostics (Sec-
tion 3.3.2) prior to installation, or to proceed with the
installation doing the diagnostics during installation.

-~ Relatively low vacuum nozzie flows would be ex-
pected in these cases.

3.3.2 Quantitative Assessment of
Suction Field Extension

- As indicated above, one option when sub-slab communication
appears to be marginal or poor is to proceed with quantitative
suction field extension diagnostic testing. The primary dis-
tinciion between guantitative and qualitative testing is that,
with quantitative testing, the flows in the diagnostic system
are adjusted to simulate the actual expected ASD flows, This
simulation can be achieved either by adjusting a vacuum
cleaner to achieve the proper depressurization at a baseline
test hole 8 to 12 in. away from the vacuum nozzle; or, by using

an ASD fan to draw the suction through a 4-in. pipe, including
a suction pit under the pipe and simulating the expected
suction losses in the ASD system piping. Another feature of
quantitative testing is that, in general, more test holes are
drilled at different distances from the suction pipe (rather than
two to four holes at the corners of the skab).

The baseline test hole is located at a distance from the vacuum
nozzle such that if it were a SSD suction pipe rather than a
vacuum nozzle at that location, the baseline hole would be in
the sub-slab suction pit under the pipe. If the sub-slab depres-
surizatien at the baseline test hole during vacoum cleaner
operation is adjusted to equal that expected in the SSD suction
pit, then, by simple fluid dynamic theory, the flow in the
vacuum will nominally be the same as that in the SSD pipe,
despite the fact that the vacuum motor has a very different
performance curve from that of the ASD fan. And because the
flows are the same, the sub-slab depressurizations at remote
test holes should nominally be the same,

In many (but not all) cases where the more quanutanve
suction field diagnostics have been conducted, it has been
found that the vacuum cleaner diagnostics over-predict the
number of SSD pipes that will be required to treat the house
(MaB9a, Fo90, Fi9l, Si91, Sau92). A variety of possible
explanations have been offered for why this occurs, including:

a) failure of the diagnostician to allow enough time (some-
times several minutes or more in tight soils) for the
vacuum-induced suction field to become established under
the slab (Hi92); b) failure to properly adjust the vacuum
cleaner flows; ¢) inability of a2 measurement at the baseline
test hole to accurately reflect the suction that a SSD pipe
would produce in an open pit at that location (Hi92, San92);
d) small feaks around the sample tubing while micromanom-
eter readings are being made at remote test holes, partially
neutralizing any sub-slab depressurization that the vacuum
may be producing (Hi92); and e) local inhomogeneities at the
point where the vacuum nozzle is inserted (Hi92). Despite this
frequent over-prediction, with proper interpretation, this diag-
nostic testing still can provide useful guidance regarding ASD
system design. Efforts are continuing to develop better guid-
ance on how to interpret the results of this testing, 10 account
for its tendency to over-predict pipe requirements.

Again, the quantitative approach for suction field extension
measurements needs to be considered only in cases where
sub-slab communication is poor or uneven,

The basic setup for quanutanve suction ficld extension testing
using a vacuum cleaner is illustrated in Figure 9,

« Egquipment and materials required

- The more quantitative suction field extension measure-
ments require the same eguipment and materials as
required for the qualitative testing (Section 3.3.1), ex-
cept that the chemical smoke stick is no longer an
option for determining sub-slab depressurizations. The
digital micromanometer, which permits quantitative
determination of the suctions, is required.
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A Magnehelic® gauge, with a scale extending above
1.5 in. WG, is now mandatory to monitor the sub-slab
depressurization at the baseline test hole, as illustrated
in Figure 9. (The suctions produced in the baseline test
hole when a 90-watt fan is being simulated—ofien 0.2
to 1.5 in. WG—are within the upper scale of some
micromanometers. However, there may sometimes be
excursions to much higher suctions {up to 80 in. WG),
and sometimes higher-suction fans will be simulated,
perhaps 23 in. WG or higher. These suctions would
damage many micromanometers, 50 that the micro-
manometer is not recommended for use at this loca-
tion.)

In addition, the vacuum cleaner must be equipped with
a speed controller or other means of flow adjustment,
so that flows can be adjusted to achieve the desired
suction in the baseline test hole. In Figure 9, this flow
adjustment is illustrated as being achieved by a valve
allowing adjustment of the amount of ambient air
bieeding into the vacuum intake nozzle,

Test procedure

Select the location for one or more 1.25-in. vacuum
cleaner suction holes. .

-- The criteria for site selection are similar to those for
the more qualitative approach. If the qualitative
suction field testing (Section 3.3.1) was conducted
initially, the same suction hole can be used for this
‘testing.

-~ Since the poor communication will likely prevent
the vacuum cleaner suction from extending to por-
tions of the slab remote from the suction hole, it
may be desirable 1o have a second suction hole in a
section of the slab remote from the first one. Testing
at the second hole can serve to confirm the mea-
surements made at the first hole, or to suggest
whether communication varies in different parts of
the slab. .

Select the locations for the 1/4- to 1/2-in, suction test

holes.

-~ A baseline test hole must be drilied about 8 to 12 in. .

away from each vacuum suction hole. The ability to
interpret the test results will depend upon the main-
tenance Of the proper sub-slab depressurization at
this baseline test hole. The vacuum cleaner must be
operated with the depressurization at that hole be-
ing maintained at the level which a S5D fan would
be able to maintain in a sub-siab pit beneath a2 SSD
suction pipe.

-- Several remote test holes must be drilled. Tdeally,
about three such test holes would be drilled—one
about 3 ft from the suction hole, another about 10 ft,
and a third as far from suction hole as possible—in
each of two or three directions away from the
suction hole, The distance of the most remote hole

can be selected based wpon experience regarding
how far away suction from the vacuum might be
expecied to be detected. If the qualitative testing
(Section 3.3.1) was conducted initially in the house,
the test holes drifled for that testing can be utilized
in the quantitative testing, if convenient.

-- The actual locations where remote test holes can
practically be sited will be determined by the finish
on the slab, and the location of sub-slab utility lines
and other obstructions. Figure 10 illustrates a pos-
sible scenario for locating suction and test holes on
a fully finished slab, by drilling the holes in the
corners of closets, under carpeting, and in available
unfinished areas,

Drill the suction hole and the test holes, to the extent
that these holes were not already drilled during prior
qualitative suction field testing.

-~ (Optional) If a grab sample is to be taken to deter-
mine sub-slab radon concentrations at the test holes,
that sample would be taken at this time, after a brief
vacuuming to remove dust. Preferably, the hole
should remain closed with rope caulk for awhile
before sampling to permit re-equilibration of sub-slab

Note: Test holes indicated
by smali circles
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Figure 10. Example of siting vacuum cleaner suction hole and
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sub-slab suction test holes for quantitative suction field
extension testing, when siab is fully finished.



concentrations. See the related discussion in Sec-
tion 3.3.1.

-~ Vacuum the holes carefully to remove dust and
dritling debris that may block the holes.

-- Inspect the nature of the sub-slab material, possibly
using the drill bit, to aid in the interpretation of the
results, as discussed in Section 3.3.1.

-~ Seal the vacuum cleaner nozzle into the suction
hole, using rope caulk or putty to close the gap
between the nozzle and the top of the slab. The
nozzle should extend down about half the thickness
of the slab.

-- Insert the sample mbe from the Magnehelic gauge
into the baseline test hole, extending the tube down
about half the thickness of the slab. Seal the sample
tube into the hole using rope caulk to close the gap
between the wbing and the top of the slab.

-- Temporarily close the test holes with rope caulk,

Place the house in the condition that will be used
throughout this testing. It is recommended that this
condition be with exhaust appliances operating, to simu-
late challenging conditions. If no sub-slab depressur-
izations are measured under these conditions, the appli-
ances might be turned off (and perhaps windows opened)
to determine performance under less challenging con-
ditions (see Section 3.3.1).

With the vacuum cleaner off, measure the sub-siab
pressurization (or depressurization) at each test hole
with the micromanometer, to determine the “baseline”
pressure difference across the slab under the weather
and appliance conditions existing during the test. See
procedure for this measurement described in Section
3.3.1. This baseline measurement will indicate how the
existing conditions compare against the expected maxi-
mum slab pressure differential, and may thus aid in
interpreting the results with the vacuum operating (see
Section 3.54).

Turn on the vacuum cleaner, and adjust the speed
controller so that the sub-siab depressurization mea-
sured by the Magnehelic gauge at the baseline test hole
is approximately that which is expected to exist in the
sub-slab sucton pit beneath a SSD pipe when the
intended SSD fan is operating. This step is critical in
achieving quantitative resuits.

-- With the standard 90-watt ASD fans in relatively
" low-flow conditions, this suction will be roughly
1.5 in, WG,

-- In higher-flow cases, with the 50- or 90-watt fans,
the suction can range from roughly 0.25 to over 1
in. WG, depending on system flow.
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- With the high-suctionfiow flow fans sometimes used
in very poor communication cases, this suction can
be several inches of water,

-~ If the vacuum is unable to develop these desired
suctions, and if there are no nearby slab openings
through which air might be short-circuiting into the
vacuum, this result suggests that sub-slab flows are
high. While the vacuum will thus not be able to
quantitatively simulate the ASD system, the result

. suggests that sub-slab communication is good and
quantitative diagnostics may thus not be necessary.

-- Note: If an ASD fan mounted on a 4-in. pipe is
being used to develop the suction field, rather than a
vacuum cleaner, then the suction field will auto-
matically reflect that which would be generated by
a SSD system. In that case, no baseline test hole
would be needed, and no effort will be required to
control the depressurization there, This would be
the case if: a) a sub-slab suction pit has been exca-
vated under the 4-in. pipe; and b) the diagnostic fan
system has been designed to simulate the suction
losses in mitigation system piping, If the diagnostic
ASD fan is in fact the permanent fan mounted on
the initial pipe of a SSD system, i.e., if
“during-installation” diagnostics are being per-
formed, as discussed earlier, then system suction
losses will be simulated by definition. If a portable
ASD fan test stand is being used, piping losses can
be simulated by reducing fan power, or by adding
piping with elbows upstream or downstream of the
fan,

- (Optional) If the vacuum cleaner is fitted with a pitot

tube or other flow measurement device, the flows in the
vacuum nozzle should be recorded as the suctions at
the baseline hole are adjusted. These flow measure-
ments would comprise the sub-slab flow diagnostics
discussed in Section 3.5.1. From the sub-slab depres-
surization data at the baseline hole, and from the flow
data, a mitigator can judge what kind of fan will be
needed and roughly what suction it will maintain in the
suction pit given observed flows. This rough assess-
ment can be used to select the sub-slab depressuriza-
tion at the baseline hole to be used for these suction
field extension diagnostics. (As a minimum, if there is
no pitot tube, qualitatively assess vacuum flows through
the sound of the motor or the feel of the exhaust.)

With the micromanometer, measure the depressuriza-
tion created beneath the slab at the remote test holes,
with the vacuum cleaner adjusted to maintain the proper
depressurization at the baseline hole as selected above,

- With the rope caulk closing the other test holes,
insert sample tube from the micromanometer into
each test hole in turn, to a depth about half the
thickness of the slab. Carefully seal gap between
tubing and slab with rope caulk or putty. Failure to
effectively seal this penetration could partially neu-
tralize the sub-slab suction, significantly impacting



results when the sub-slab depressurizations are mar-
ginal to begin with,

If communication is poar, it may take several min-
utes with the vacunm cleaner operating for the
suction field to become established. Where commu-
nication is marginal but not poor, the suction field
may become established within 30 seconds or less,
If initial measurements show unacceptably low de-
pressurizations induced by the vacuum, and if these
measurements were made before the vacuum had
operated for several minutes, they should be re-
peated after several minutes,

Observe the reading on the micromanometer at
each test hole. Record the range and/or average of
the readings. Compare these values with the values
measured before the vacuum cleaner was turned on,

Check the zero on the micromanometer often, pref-
erably before each reading in cases where the mea-
sured depressurizations are very low.

Periodically re-check the Magnehelic gauge to en-
sure that proper depressurizations are being main-
tained at the baseline test hole,

After testing is complete, permanently close all of the
slab holes drilled for this testing using hydraulic ce-
ment or other non-shrinking cement.

» Interpretation of results

The measured depressurizations can be used to plot
lines of constant sub-slab depressurization on the house
floor plan. See Figure 11,

-- Since the number of test holes will be limited, and
communication can vary in different directions away
from the suction hole, the actual curves that can be
drawn in practice will be more approximate and
irregular than those shown in Figure 11.

tion being maintained by the vacuum cleaner at the
baseline test hole was about the same as that which

As discussed previously, because the depressﬁriza- ‘

would be maintained by a SSD fan in a sub-slab .

suction pit, the lines of constant depressurization in
Figure 11 theoretically should be about the same as
if a SSD pipe had been operating at the location of
the vacuum nozzle,

By this interpretation, the ¢ffective suction radius of a
SSD pipe would be the distance from the baseline test
hole to that constant-depressurization line where
sub-slab depressurization has fallen to the “minimum
acceptabie” level.

-- If the house was depressurized during the diagnos-
tic testing—if the house was closed, the weather
was cold, and exhaust appliances were operating—
the isobars represent depressurizations achieved

N

Figure 11. Example of graphical interpretation of the resuits from

quantitative suction field extension measurements.
(Adapted from Reference FoS0)

under challenging conditions. Under these condi-
tions, the “minimum acceptable” sub-slab depres-
surization may be the lowest suction measurable
with the micromanometer {about 0.001 in. WG),
since, after installation, the ASD system will rarely
see house depressurizations greater than those ex-
perienced during the testing,

If the house was being depressurized by operation
of exhaust appliances during the diagnostic testing,
but if the weather was mild, the “minimum accept-
able” sub-slab depressurization should be great
enough to account for the increased house depres-
surization that might be expected due to thermal
effects in cold weather. Thermally induced depres-
surization will depend upon the local climate; in a
two-story house in cold climates, the depressuriza-
tion in the basement could be roughly 0.015 in.
WG. In theory, ideally, the “minimum acceptable”
sub-stab depressurization in mild weather should be
about this level in cold climates,

As discussed in Section 3.5.4, review of the pres-
sure differentials measured across the slab before
the vacaum cleaner was turned on can provide some
guidance regarding whether the goal under these



conditions should in fact be to achieve 0.015 in.
WG sub-slab depressurization with the vacuum on,
Were the exhaust appliances depressurizing the
house during mild weather to a degree approaching
0.025 10 0.035 in. WG, the conservatively estimated
cold-weather maximum discussed in Sections 2.3.1b
and 2.3.1e (perhaps due to operation of a
whole-house exhaust fan that would not be operat-
ing in cold weather)? If so, the target “minimum
acceptable” sub-slab depressurization with the
vacuum cleaner on under these conditions could be
low (around 0.001 in. WG), since the diagnostic
tests were apparently being conducted under
near-worst-case conditions despite the mild weather.

-« [If the house was not being depressurized by opera-
tion of exhaust appliances, but if the weather was
cold, the “minimum acceptable” sab-slab depres-
surization should be great enough to account for the
increased house depressurization that might be ex-
pected due to appliance operation. As discussed in
Section 2.3.1b, appliance-induced depressurizations
can be as high as 0.01 to 0.02 in. WG. In theory, it
would thus be iogical for the “minimum accept-
able” sub-slab depressurization to be about 0.01 to
0.02 in. WG under these conditions. Again, as
discussed above, review of the pressure differen-
tials across the slab with the vacoum cleaner off
might provide some guidance about how closely the
expected maximum house depressurizations were
being approached during the testing, and thus
whether the ASD system in fact needs to be de-
signed to accommodate an increased challenge as
great as 0.01 to 0.02 in. WG,

-- If the suction field diagnostics were conducted when
the weather was mild and without operation of
exhaust appliances, the “minimum acceptable”
sub-skab depressurization would nominally equal
the conservative maximusm estimated house depres-
surization resulting from combined thermal and
appliance operation effects (0.025 10 0.035 in. WQ).

In practice, SSD systems tend to perform effectively
with fewer pipes than would be predicted based upon
the effective suction radius derived from these diagnos-
tics. Thus, the “minimom acceptable” sub-slab depres-
surization used in this analysis can probably be on the
low end of the values discussed above.

In addition, as discussed in Section 2.3.1e (Climatic
conditions), this conservative maximum basement de-
pressurization range due to combined thenmal and ap-
pliance effects (0.025 to 0.035 in. WG) would be less
in mild climates, or in cases where the house was leaky
or did not have some of the more common exhaust
appliances (such as central furnace fans, clothes driers,
and attic fans}. The upper end of this conservative
range assumes that major depressurizing appliances
will be operating in cold weather; but in fact, among
these appliances, whole-house and attic fans will not be
operated then, and clothes driers will be operated only
intermitiently. Although this depressurization range may

be conservatively high for many houses, it is used here
as a conservative but reasonable design tool which can
be useful as long as it is properly understood.

Superimposing this effective suction radius onto a house
floor plan, the number and location of SSD suction
pipes can then be selected in an effort to ensure that all
{or most) of the slab achieves the desired sub-skab
depressurization.

-- Particular attention should be placed on ensuring
- that the proper depressurization is achieved around
the slab perimeter, and near any other locations
where significant soil gas entry might be antici-
pated, Maintaining good depressurization is prob-
ably somewhat less important in the center of un-
broken slabs.

3.4 Procedures for Radon Grab
Sampling and Sniffing

In some cases, grab sampling or sniffing, to determine radon
concentrations inside or near potential soil gas entry routes,
may heip identify the most important entry toutes and may
thus aid in the design of the ASD system. Examples of where
such radon measurements might help include:

a)

b)

)

d)

e)

Identification of regions of unusually high radon concen-
trations beneath skabs. In selecting the locations for SSD
pipes, pipe location might be biased toward regions where
high sub-slab radon concentrations are near slab open-
ings.

Identification of hollow block foundation walls having
unusually high radon levels inside the cavities, A wall
having a high concentration might warrant a BWD com-
ponent being added to the SSD system,

In houses having fieldstone foundation walls, determina-
tion of radon concentrations in the chinks between the
stones. High radon levels would suggest that the wall is
an important entry route, and that SSD treatmg the slab
alone may not be sufficient.

Identification of radon levels in floor drains or other
openings, to assess their potential importance as entry
Foutes.

Identification of radon levels in crawl spaces adjoining
basements or slabs on grade, to assess the potential
importance of the crawl space as an entry route compared
to the adjoining wing.

Grab sampling/sniffing can be considered in any case where a
mitigator’s prior experience has suggested that it might be
cost-effective, reducing the overall costs to the homeowner.
Where suction field extension testing is being conducted
(usually where communication is unknown or poor), grab
sampling/sniffing beneath the slab is a relatively easy addi-
tional measurement to make, if the mitigator has the proper
equipment.
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A distinction is drawn between “grab sampling” and “sniff-
ing.” Both of these approaches involve drawing a gas sample
over a very short time pericd—no more than five minates,
often less. The distinction between the two approaches is:

a) Grab sampling is a quantitative approach. Depending
upon the particular grab technigue, the sampie is col-
lected, allowed to age, or counted for a long encugh
period to permit the concentration of radon in the sample
to be quantitatively determined with an acceptable sensi-
tivity. For perhaps the most common grab sampling
approach (use of an alpha scintillation cell), this period
can be about four hours; the sample needs to age for
about this period to ensure equilibrium between the radon
gas and its decay products.

b} Sniffing is a less accurate, semi-quantitative approach,
Measurement accuracy and sensitivity are sacrificed in
order to obtain essentially immediate results, enabling
rapid identification of those sampling locations which
were the “hottest.” In these measurements, no time is
aliowed for sample aging, and sample counting time is
reduced to a minimum.

To the extent that such radon measurements are included in
pre-mitigation diagnostic testing, sniffing will often be the
preferred approach for commercial mitigators. The simplicity
and reduced time requirements for sniffing will be important
in keeping costs down. The improved accuracy of grab sam-
pling will generally not be needed, in view of the anticipated
qualitative use of the results.

Several techniques are available for conducting grab sampling
. and sniffing.

ay Alpha scimtillation cell. This is perhaps the most common
technigue, and is one of three grab sampling techniques
covered in EPA’s measurement protocols (EPA924d), A
sample is drawn into a cell having a zinc sulfide phosphor
coating on its interior surfaces. As the radon and it
progeny decay, the alpha particles released cause light
pulses (scintillations) when they impact the phosphor;
these scintillations are counted using a photomultiplier
tube and scaler, In practice, an alpha-scintillation-based
continuous radon monitor is often used for these mea-
surements. For quantitative grab sampling, the sample
must be aged for a sufficient period after collection
(usuatly about four hours) to ensure that the radon and its
decay products are in equilibrinm. The calibration of the
scintillation cell (i.e., the number of counts for each
picocurie per liter) assumes that the alpha particles are
being released by radon and progeny in equilibrium. For
sniffing, the sample from a given sampling location is
purnped through the scintiilation cell continuously, and
the counting is completed in a very brief period (usually
within about 5 minutes or less, as discussed later). In the
sniffing case, it is recognized that the sample is nowhere
near equilibrium, and that the counts per minute recorded
by the device thus cannot be quantitatively related to a
radon concentration (except, in specific cases, via sophis-
ticated calculations).

b} Activated charcoal, In another technigue covered in EPA’s
protocols (EPA92d), a grab sample from a given location
is drawn through a charcoal-filled cartridge for about an
hour. The cartridge is then analyzed by placing it on a
sodium iodide gamma scintillation system or a germa-
niym gamma detector. This technique does not appear to
be as widely used as is alpha scintillation. Also, because
of the required sampling duration, it is not applicable for
sniffing, Actordingly, it is not addressed further here.

Pulsed ion chamber. One continuous radon monitor on
the market operates on the principle of detecting, using an
electrometer, ion pulses generated when radon gas de-
cays. In this device, radon decay products are constantly
removed from the measurement chamber, and thus nomi-
naily do not contribute to the electrometer reading, As a
result, there is no need to age the sample in order to
achieve equilibrium, as is necessary with alpha scintilla-
tion cells. The manufacturer offers a pumped
(fiow-through) variation of this. monitor with an im-
proved electrometer that can be used for grab sampling
and sniffing (Fe92). With the pump continuously draw-
ing sample through the chamber, this device reportedly
has adequate sensitivity to provide readings after 2 to 20
minutes of sampling, While the required duration will
depend upon the radon concentration, it may generally be
viewed that longer sampling/measurement periods will
tend to give the accuracy and sensitivity associated with
quantitative grab samples, while shorter periods will tend
toward less accurate, more semi-quantitative sniffing
samples. Although the pulsed ion chamber approach is
not currently incinded in EPA’s grab sampling protocols,
it is a convenient method for grab sampling, and is
uiilized by a number of investigators.

c)‘

d) [lonization meter. Another device which has been mar-
keted to provide immediate readings of radon concentra-
tions is based upon measurement of the total ionization
existing in the air (IL90). This meter is thus distinguished
from the pulsed ion chamber above, which measures ion
pulses caused by radon decay. The accuracy and sensitiv-
ity of the ionization meter for radon grab sampling appli-
cations has not been tested by EPA, and experience with
this device is very limited in the U. S. Accordingly, the
ionization meter is not discussed further here,

“In interpreting the results from radon grab sampling/sniffing,
the mitigator must recognize that the real contribution from a
potential entry route will depend, not only on the radon
concentration a¥/in the opening, but also on the flow rate of
soil gas into the house through the opening. Thus, the radon
levels alone do not necessarily determine how important a
potential entry route may be. An opening with a less elevated
radon level but a high flow (such as an uncapped hollow-block
wally can be 2 more important contributor to indoor radon
than one with a high radon concentration but low flow (such
as a hairline slab crack). As another example, sub-slab radon
concentrations may be relatively high in the central portion of
an uncracked slab, but almost none of this sub-slab radon will
be entering the house, since convective flow is zero and
diffusion through the unbroken concrete is negligible. By
contrast, the sub-slab radon concentrations near the siab pe-
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rimeter may be lower, but flows into the house through the
wall/floor joint and the block foundation walls can be rela-
tively significant, often making the siab perimeter an impor-
tant location for SSD pipes despite somewhat lower sub-slab
radon concentrations there,

In research studies, more elaborate diagnostic procedures
have been developed which consider potential flow as well as
radon levels at slab test holes, in order to obtain a better
measure of radon entry potential around the slab (Fu90),
However, in commercial mitigation installations, efforts to
determine flows will probably almost never be cost-effective.
The logical approach is to try to “guesstimate” whether flows
into the house are likely to be relatively high or low through
the entry route being sampled. For sub-slab measurements
through test holes in the slab, are there significant slab open-
ings near the test hole? For concentrations inside block foun-
dation walls, the focus should probably be on whether these
levels are significantly higher than is observed in the house,
and whether one wall in the house seems more elevated than
the other walls. The qualitative nature of this interpretation
underscores the statement above, that the more qualitative
sniffer approach will likely be adequate for these measure-
ments in many cases, and that the additional time and effort
required for more accurate grab sampling may often not be
warranted commercially,

The radon measurement procedures being discussed here are
for diagnostic purposes only, to aid in ASD system design. As
presented here, these procedures are not intended to determine
the indoor radon concentrations in the house.

The applications of grab sampling/sniffing discussed above
focus on its possible utility as a pre-mitigation diagnostic test,
it may be more imporiant as a post-mitigation diagnostic, for
trouble-shooting in cases where the initial mitigation installa-
tion is not performing as expected.

The equipment and procedures listed below address the scin-
tillation cell and the pulsed ion chamber approaches. Addi-
tional discussion of the alpha scintillation cell approach can
be found in References EPA88b, Fo90, and EPA92d.

+ Equipment and materials reguired (alpha scintil-
lation cell approach)

- Alpha scintillation cells. Either single-valve (evacu-
ated) cells or double-valve (flow-through) cells can be
used for grab sampling; flow-through cells are reguired
for sniffing, Commonly, cells having a volume of
about 100 to 300 mL are used for these diagnostics.
Cells ranging from 10} mL to 2 L are available; the
larger cells provide greater sensitivity, unnecessary for
the purposes of mitigation diagnostics.

- For flow-through celis, a battery-operated pump to
draw gas sample into the scintillation cell. A
hand-operated suction buib could also be used to draw
the gas sample. If a continuous radon monitor is used
for this testing, as is usvally the case, the pump associ-
ated with the monitor will be used.
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- For evacuated cells, a pump capable of evacuating the
cells to at least 25 in. of mercury before use.

- Portable photomultiplier tube and scaler to count the
scintillations, with a digital display or printer to indi-
cate counts per unit time, Most commonly, a continu-
ous radon monitor fitted with a scintillation cell will be
used in the field; this monitor will incorporate the
sampie pump, the photomultiplier tube, and the scaler.

- Flexible sample tubing, to fit through the test hole and
- draw the sample into the scintillation celi,

- 0.8-micron filter assembly, to be mounted in sample
tubing upstream of scintillation cell, to prevent dust
(e.g., from the sub-slab) from contaminating the cell.
The filter will also remove radon decay products, which
is important in interpreting results when short aging
times are wsed.

- Rope caulk, to seal the gap between the sample tubing
and the face of the slab. Duct tape can also be usefyl
when the tubing is inserted through large openings,
e.g., in a block wall,

* Test procedure (alpha scintillation cell approach)

- Prior to visiting house, purge the scintillation cells with
outdoor air and allow to age overnight. Because these
samples are for the purpose of mitigation diagnostics
rather than for determining indoor radon concentra-
tions, it is not necessary to purge the cells with aged air
or nitrogen as specified in EPA’s indoor measurement
protocols (EPAS2d), Perform a background count over
a period of 2 minutes (Fo90) to 10 minutes (EPA92d)
with the portable photomultiplier tube/scaler, to con-
firm that the background has been reduced to an ac-
ceptably low level. The background counts per minute
should be less than 10% of the expected sample counts
per minute. Cells which will be used for high-radon
samples (e.g., from beneath the slab) can tolerate a
higher background count than those that may be used
for lower-level samples.

- For sub-slab samples, gas samples will normally be
drawn through 1/4- to 1/2-in, diameter test holes drilled
through slab, often in connection with suctmn field
extension testing.

-- After the test hole is drilled, clean the dust out of the
hole, operating the vacuum cleaner as briefly as
possible (only a few seconds) in order to minimize
any artificial reduction in the sub-siab radon level,

Ideally, the hole should be temporarily closed with
rope caulk or duct tape for 15 to 30 minutes, to
permit the sub-slab concentrations to recover from
any dilution resulting from the drilling and vacuum-
ing process (Fo90). In practice, a delay this long
may not always be practical. In such cases, a delay
of only a few minutes may be sufficient—espe-
cially with flow-through cells, which draw a large



sample volume—in view of the qualitative way in
which the results will generally be interpreted, as
long as all of the test holes are treated in the same
way.

-- Insert sample tube into test hole, and use rope canlk
to seal the gap between the tubing and the top of the
slab. The measured radon concentration will be
significantly reduced if the gap is not effectively
sealed, because significant amounts of house air
will be drawn down through the hole, diluting the
soil gas sample.

For samples from inside a block foundation wall, gas
samples will normally be drawn through pre-existing
holes through the blocks, e.g., around utility penetra-
tions such as water/sewer lines and electrical junction
boxes.

- After the sample tube has been inserted through
such wall openings., an effort should be made to
close the remainder of the opening using rope caulk,
duct tape, or plastic sheeting (depending on the size
of the hole), to reduce the amount of house air
drawn in with the sample.

Likewise, samples drawn from inside other openings
(such as floor drains and chinks in stone foundation
walls) would be drawn by inserting the sampling tube
into the opening and then closing the opening with duct
tape or plastic sheeting as possible, to reduce dilution
of the sample.

-- Leaving the opening closed in this manner for some
period of time before drawing the sample would
give the radon concentrations in the opening an
opportunity 1o rise toward their maximum levels.

Samples of air from large regions (such as crawl spaces)
would be obtained simply by drawing the sampie from
a central position within that region.

The sample train will consist of:

- A short length of sample tubing, leading from the
test hole to the (.8-micron filter;

-- A second length of tubing, leading from the filter to
one port of the scintillation cell;

-- For flow-through cells, a third length of tubing,
leading from the second port of the scintillation cell
to the sample pump (or hand suction bulb).

The preferred sampling and counting procedure for
grab sampling is as follows:

-- If using an evacuated cell, open the valve for 10 to
15 seconds to allow the sample to fill the cell.
{Note: One possible advantage of evacuated cells is
that they draw only one-third to one-tenth the sample
volume drawn by comparably sized flow-through
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cells, thus minimizing any impact of the sampling
process on the radon concentrations in the region
being sampled.)

If using a flow-through cell, operate the pump suffi-
ciently long to draw at least three cell volumes of
sample gas through the cell. For indoor radon mea-
surements, EPA recommends 10 cell volumes
(EPA92d). This should ensure that the sample gas
has effectively displaced almost all of the previous
(outdoor air) sample. Depending upon the volume

- of the cell and the flow rate of the pump, the

sampling time required could range from a less than
a minute, to several minuges.

Close the cell valve(s) immediately afier sampling,
Allow the cell to sit for four hours, to permit the
radon progeny to come into equilibrinm with the
radon gas.

Place the cell in the photomultiplier/scaler scintilla-
tion counter, if necessary. (If a continuous radon
monitor is being used, the cell will already be in the
counter.} If the cell is being placed in a separate
counter, allow a 2-minute delay after the cell is
placed in the counter before commencing counting,
to avoid counting spurious scintillations caused when
the window of the cell is exposed to bright ambient
light.

Count for as long as necessary to obtain the namber
of counts needed to provide the desired sensitivity,
in view of background counts. Counting time will
depend upon the radon concentration in the sample,
and hence the counts registered per minute, For
radon mitigation diagnostics, some sources feel that
only 100 counts is sufficient for semi-quantitative
purposes; for typical cell efficiencies (counts/minute
recorded per pCH/I. in sample), 100 counts would be
obtained within a fraction of a minute (for samples
well over 20 pCi/L) to perhaps 10 minutes (for
samples below 4 pCi/L.), depending on concentra-
tion. EPA’s protocols for indoor radon measure-
ments (EPAS2d) recommend at least 1,000 counts
for good statistics; this number of counts would be
obtained within about 15 seconds to an hour. The
time over which the counts are measured must be
measured, if the counter is not part of a continuous
radon monitor that counts for specified periods of
time. . :

Convert the resulting counts into the radon concen- |
tration, using the calculational procedure indicated
in Figare 12 (adapted from EPA92d).

After counting, purge the cell with outdoor air (or
with aged air or nitrogen) to minimize the buildup
of the cell background. Cells which were exposed
to particularly high-radon samples may have to sit
unused for a day before the background counts per
minute has returned to acceptably low values.
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Divide the total number of observed scintillation counts
by the total counting time, to determine the average
counts per minute (cpm).

Calculate the radon concentration in picocuries per liter
using the following formula;

Radon concentration {(pCi/l) =

{cpr from sample) - (background ¢pm) 1 c
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Cell efficiency (cpm per pCi/l} Call volume (L} XK

In this equation, C and A are corraction factors account-
ing for decay of radon and its decay products in the
sample during the aging and counting processes, ob-
tained as discussed in 3 and 4 below. In radon mitigation
diagnostics, where aging and counting times may be
reduced and where inaccuracies in the measurement are
being accepted, the ratio C/A will generally be so close to
1 that this term can be ignored.

C is a factor accounting for the radioactive decay of the
equilibrium radon and decay products in the sample
during counting.

C = (1.000083)" whera N = number of minutes over which
the sample was counted

or

G = (1.00378)N where N = number of hours over which sampla
was counted.

The figure in the second equation s saying that the equilibrium
cpm at the beginning of a 1-hour counting period will be
0.378% greater than the average cpm over the entire period.

. For exampie, it the sample was counted for 30 minutes 0.5

hour);

© = (1.000083)  (1.00378)°5 = 1.00180,

. Ais a factor accounting for the decay of the originally present

radon and decay products in the sample during the time that
the sample is aging, prior to counting.

A = {0.99987N where N = number of minutes over which
sample was aged, or

A = {0.99248)" where N = number of hours over which sample
was aged.

The figure in the second equation is saying that, after one hour
of aging, 99.248% of the radon stilf remains.
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Figure 12. Procedure for calculating sample radon concentrations from measured counts when using the alpha scintillation celi tachnique for

grab sampling.

A modified sampling and counting procedure for grab
sampling, intended to reduce the sample aging time at
the expense of accuracy, is as follows.

-- Obtain the sample as in the preferred procedure
above.

-- Allow the scintillation cell to sit for only 5 to 10
minutes after the end of sampling, rather than 4
hours. This period permits reasonable grow-in of
the first radon decay product, polonium-218-—one
of the two alpha-emitting progeny—so that the
sample is beyond the initial period of rapid alpha
growth. It also provides time for essentially com-
plete decay of any thoron in the sample along with
the first thoron decay product, both of which are
alpha emitters.

-- The sample is then counted as above,

-~ The number of scintillation counts obtained by this
approach can be converted 1o a reasonably accurate
radon concentration, despite the non-equilibrium
conditions existing during counting, by appropriate
mathematical treatment of the non-equilibrium situ-
ation (5c92). If the approach in Figare 12 is used,
which assumes equilibrium, the result must be con-
sidered only semi-quantitative,
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The sampling and counting procedure for sniffing is as
follows (EPA88D, Fod0):

-- Because the scintillation cell must be used in a
flow-through mode with frequent counting, from a
practical standpoint, this procedure requires an
alpha-scintillation-based continuous radon monitor
equipped with a flow-through cell. Evacuated cells
and passive cells cannot be used in this application,

- Opérate the sampling pump continuously, so that a
gas sample is being continuously drawn through the
scintillation cell during counting. :

-~ Set the counter to make counts over a fairly brief
interval, just long enough to give a reasonable num-
ber of counts for the radon concentrations .in the
samples being drawn. Commonly, a 30-second
counting interval is used. A shorter interval could

* be used for very high-concentration samples, and a
longer interval may be useful for low concentra- -
tions, »

- After beginning to draw a sample from the selected
sniffing location, allow the system to cycle through
a number of counting intervals, until the number of
counts per interval becomes acceptably steady. Com-
monly, ten intervals are used, When the counts per
interval have become reasonably steady, the last
several intervals might be averaged to give the



value for that sampling location. Others suggest
simply taking the counts for the last interval.

-~ 'The results must be left in the form of number of
counts, and treated as a qualitative/semi-quantitative
number, There is no theoretical basis for converting
these counts to an actual radon concentration, al-
though some investigators have developed an em-
pirical correlation between sniffing counts and ac-
tual radon levels for their particular equipment
(EPARED),

-- Since the background counts in the cell will be
impacted by the samples drawn from the initial
sniffing locations, it is recommended that the cell
periodically be purged with outdoor air. During
purging, the monitor would be taken outdoors for a
few minutes, the pump operated continuously, and
the counts per interval observed until the back-
ground counts have dropped to an acceptably low
value,

If the previous sample had a particularly high radon
concentration, the background created by this sample
may be sufficiently high that it will not return to a
suitable value in a short period of time. In that case,
this cell should not be used for another sample
having a potentiaily lower radon level, until the
background from the previous sample has had an
adequate chance to decay.

« Equipment and procedure (pulsed ion chamber

approach)

In place of the alpha scintillation cells and photomulti-
plier tube/scaler required for the alpha scintillation
approach, the pulsed ion chamber approach requires an
ionization chamber with an electrometer system to
detect and count the ion pulses generated when radon
atoms release alpha particles. Radon decay products
are continuously removed from the chamber electro-
statically, and thus nominally do not contribute to the
ion pulses by their decay. In practice, the ion chamber,
the electrometer system, and the pump required to draw
samples through the chamber in this application, are all
contained in a continuous radon monitor (Fe92),

The puised ion chamber requires the same type of
sample train as that listed previously for the scintilla-
tion cell approach: flexible sample tubing; a filter to be
placed in the tubing between the sampling location and
the monitor; and rope caulk or other material to seal the
gap between the sample tubing and the slab or wall
opening though which the sample is being drawn,

During sampling, the sampling pump operates continy-

ously, drawing a sample through the ionization cham-
ber. lon pulses are counted as the sample is being
drawn. Sampling must continue until an adequate num-
ber of puises have been recorded to provide the desired
accuracy and sensitivity. Since radon decay products
play no role in the counts, there is no need to be
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concerned about time required for sample aging, as
with scimtillation cells,

The necessary counting duration will depend upon the
radon concentration in the sample, and hence the ion
puise rate. The manufacturer recommends a counting
time of either 2 or 20 minutes (Fe92).

With this device, a grab sample may be viewed as one
where the concentration and counting time are such
that the number of counts are sufficient to give reason-
able accuracy. A sniffing sample may be viewed as one
where the number of counts is so low that the results
must be considered semi-quantitative.

¢ Interpretation of results (scintillation cell or pulsed
ion chamber approach)

- If the sub-siab radon concentration in one part of the

stab is significantly greater than thatin other parts (by a
factor of three or more), and if there are potential entry
routes in that part of the slab, then a $SD suction pipe
should probably be placed in that part of the slab (if
communication is not good), or at least biased toward
that part (if communication is relatively good).

-- If there are not slab openings in the vicinity of the
“hot spot,” SSD pipe location should usually be
biased toward the entry routes preferentially over
the high-radon areas.

- Note that radon distributions under a slab can some-
times be influenced by weather conditions, such as
winds and precipitation.

If radon concentrations inside a holow-block founda-
tion wall are unusually high, then the mitigator might
be prepared to supplement the SSD or DTD system
with a BWD component treating that wall.

-- Weather conditions, especially wind velocity, can
influence radon concentrations inside block walls,

If high radon levels are found in the joints of fieldstone
foundation walls, this result suggests that the wall may
be an important entry route. Unless the native soil is
fairly permeable, a SSD system may not be expected 1o
treai the soil on the exterior face of the wall, and thus
may not treat wall-related entry. Especially if this result
is found in combination with poor sub-slab communi-
cation, some mitigation technique other than ASD (e.g.,
basement pressurization or ventilation) should be con-
sidered.

If high radon levels are found in a floor drain, the floor
drain is probably not trapped. The drain should be
trapped, both to prevent radon entry through this route
and to avoid potential leakage of house air down through
the drain into an ASD system.

If high radon concentrations are found in the air in a
crawl space adjoining a basement, the mitigation sys-



tem may need to include an SMD leg in the crawl space
to supplement the SSD or DTD leg in the basement.

3.5 Procedures for Other Types of
Diagnostic Tests

As discussed in Section 3.1.2, there are a variety of other
diagnostic tests that a mitigator may sometimes choose to
perform, in addition to the visual survey (Section 3.2), suction
field extension measurements (Section 3.3), and grab sam-
pling/sniffing (Section 3.4). These other tests will have a
practical benefit, and be cost-effective, less often than will
those discussed in Sections 3.2 through 3.4. They wili gener-
ally be warranted as pre-mitigation tests only when particular
conditions exist,

These other diagnostic tests are discussed below.

3.5.1 Sub-Slab Flows

This diagnostic test involves measurement of the flows gener-
ated in the vacuum cleaner, as an add-on to the suction field
extension testing discussed in Section 3.3. Commonly, this is
done using a pitot tube. Other options are measurement of the
pressure drop across a calibrated flow orifice in the vacuum
cleaner nozzle, or some type of anemometer,

Sub-slab flow measurements can be used to aid in interpreting
the suction field extension results, and in selecting an
appropriately-sized fan for an ASD system.

» Simple sub-slab flow measurement

In its simplest form, sub-siab flow testing involves recording
the flow in the vacuum as the suction field extension test is
being made, i.e., at the one vacuum cleaner speed setting used
for the suction field testing. In the qualitative approach for
suction field extension measurements, the flow measarement
would thus be made at maximum speed in the vacuum (see
Section 3.3.1). Under these conditions, the measured flows in
the vacuum cleaner would not represent flows that could be
expected in the SSD system, but would be only a qualitative
indicator of whether sub-slab flows are high or low. In the
quantitative approach, it would be made at the vacuum speed
that was selected 1o maintain the sub-slab depressurization at
the baseline test hole at the suction expected to be maintained
by the ASD fan in the SSD suction pit (Section 3.3.2). Under
these conditions, the vacuum flows should nominally simulate
the ultimate SSD flows.

Such flow measurements are so easy to make that they should
be considered any time pre-mitigation suction field extension
diagnostics are being done. As a minimum, the flows should
always be gualitatively estimated from the sound of the vacuum
motor or the feel of the exhaust (Br92, Bro92).

If a mitigator is unfamiliar with the flow characteristics of the
vacuum cleaner being used, flows in the nozzle should be
measured: a) with the nozzle in free air, to show the highest
expected flows; and b) with the open end of the nozzle closed
fairly tightly (e.g., by pressing it against some suitable sur-

face), to define “low” flows. These measurements will enable
interpretation of observed flows during sub-siab testing.

Relatively high flows in the vacuum during sub-slab testing
would tend to confirm observed good sub-slab communica-
tion, With good flows and good communication, the typical
50- or 90-watt centrifugal in-line tubular fan will generally be
the appropriate choice for the ASD system, because these fans
generate adequaie suction at relatively high flows (1-2 in. WG
at zero flow, 125-270 cfim at zero static pressure). High flows
might also be revealing short-circuiting of air into the vacuum
from some nearby slab opening, especially if they are ob-
served in conjunction with limited suction field extension, If
inspection suggests that short-circuiting is the cause of the
high flows, then sealing of the leakage points may be an
important component of the system installation; or, to the
extent that complete sealing is not possible, the selected fan
must be able to provide the necessary suctions while handling
this leakage flow,

Relatively low flows in the vacuum cleaner during sub-slab
testing would tend to confirm observed poor sub-slab commu-
nication. Depending upon how low the flows are, the 50- or
90-watt in-line tubular fans may still be a reasonable choice.
However, at very low flows, a much higher-suction fan de-
signed for low-flow operation may need to be considered, as
discussed in Section 4.4.2. If flows are low but communica-
tion is good, this could be indicating a very tight slab and
native soil with a good aggregate bed under the slab. Again,
the 50- to 90-watt fans could be a good choice, to handie any
increase in the flows that will occur if leaks develop in the
slab.

Thus, the simple flow measurement can possibly provide
some insights to aid in interpreting the suction field results,
and may help confirm the selection of the system fan,

* More extensive sub-slab flow measurement

The more exiensive sub-siab flow measurement involves op-
eration of the diagnostic vacoum cleaner at a range of speeds,
rather than at only a single speed as in the “simple” case.
Operation over a range of vacuum suctions and flows will
enable determination of the effect of vacuum speed on nozzle
flow. This information allows the calculation of a
suction-vs.-flow “performance curve” for the sub-slab mate-
rial, which can then nominally be used to aid in selecting an
ASD fan having the optimum performance characteristics
(EPA88D, Fo90), ‘

For this testing to be useful, the vacuum cleaner must be
operated with the sub-slab depressurizations at the baseline
test hole being carefully adjusted (as discussed for the quanti-
tative suction field extension testing in Section 3.3.2), so that
the vacuum cleaner will nominally reproduce the flows that a
SSD system would create. Otherwise, the vacuum cleaner
suction-vs.-flow curve would be meaningless for system de-
sign. (If an ASD fan mounted on a 4-in. pipe is being used to
generate the suction, instead of a vacuum cleaner, representa-
tive flows will almost antomatically result, if the fan test stand
is operated considering the likely suction losses in the piping
of an actual system.)
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There is some question regarding how often such extensive
{multi-suction) sub-slab flow measurements will in fact be
useful, beyond the simple (one-suction) flow measurement
discussed previously. As discussed in Section 3.1.2, the selec-
tion of the fan for a given installation will most commonly be
made based upon experience in the geographical area, perhaps
with some guidance from the simple flow measurement. The
50- or 90-watt centrifugal tubular fans (or some appropriate
equivalent) will commonly be used whenever there is any
reasonable flow and communication. Very high-suction units,
discussed in Section 4.4.2, may be selected when the flows are
unusually low and the communication is unusually poor. It is
not clear how often the more extensive sub-slab flow mea-
surements will be sufficiently accurate to permit meaningful
fine-tuning of fan selection, beyond the relatively gross com-
parison just indicated. That is, it is not clear how often the
multi-suction flow resulis could permit more rigorous selec-
tion of the particular fan brand and model having the optimum
performance curve for a specific house.

Some mitigators have found the results from the more exten-
sive flow measurements to provide useful insights in aiding
ASD design. A common procedure for conducting such mea-
surements is given below,

The equipment and materials required for this measurement
are essentially the same as those listed in Section-3.3.2 for the
quantitative suction field extension measurements. However,
for the tlow measurements, it is now required that a pitot tube
(or some other device) be available for measuring the nozzle
flows.

The vacuum cleaner is operated to generate a range of sub-slab
depressurizations in the baseline test hole, 8 to 12 in, from the
suction hole, The baseline test hole is the hole where depres-
surizations are being maintained at a level similar to that
which would be generated in the sub-slab pit under a SSD
suction pipe by an ASD fan, The suction at the baseline hole
must be varied through several values within the range that
the expected ASD fan would produce in the pit. These values
would vary, depending on the particuiar fan envisioned.

For example, a 50-watt tubular fan might typically generate
pit suctions between 0.1 and 0.75 in. WG, depending on flow;
a 90-watt wbular fan might generate suctions between 0.25
and 2 in. WG. Thus, to help decide between a 50- and 90-watt
fan, reasonable baseline suction values might be approxi-
mately 0.2, 0.75, 1, and 2 in. WG. The high-suction fans
might generate suctions between 0.1 and perhaps 40 in. WG,
depending on the specific fan and the flow rate. For these fans,
reasonable baseline suction values might be 2, 10, and 20 in,
WG. (If one of these high-suction fans is not generating at
least a couple inches of water suction, the flows are probably
too high to warrant a fan of this type.)

- At each of these baseline sub-slab depressurizations, the flow
in the vacuam nozzle is measured.

The results (baseline sub-slab depressurization vs. flow in the
vacuum cleaner) are then plotted on a curve, with suction as
the ordinate and fiow as the abscissa. This curve, which will
show flow increasing as suction increases, might be referred

t0 as a “sub-slab performance curve.” The basic approach for
using these flow data to select a suitable fan is to compare this
sub-slab performance curve with alternative fan performance
curves (which will show flow decreasing as suction increases).
The fan that would be selected would be the one for which the
fan performance curve intersected the sub-slab performance
curve at a point about mid-range on the fan curve. The basis
for this selection is that that fan would be operating at a
comfortable point, and should be able to handle increases or
decreases in flow that might resuit over time, e.g., as the
underlying soil dried out or became moist during different
seasons, ot as small cracks developed in the slab.

In fact, there is some inaccuracy in directly comparing the
sub-slab and fan performance curves. The sub-slab perfor-
mance curve is based upon suction under the slab; the fan
performance curve is based upon suction gt the fan. There are
two reasons why sub-slab depressurization at the baseline
hole does not egual suction at the fan: 1) suction losses as the
gas in the pit accelerates up to SSD pipe velocity; and 2)
suction losses in the SSD piping, between the slab and the fan.
Accordingly, the sub-slab performance curve should be modi-
fied to account for these factors, and the fan performance
curves then compared against the modified sub-siab perfor-
mance curve, if this interpretation is to be rigorous,

Using standard equations for suction losses at abrupt en-
trances (Ca60), it can be calculated that the suction losses due
to Item 1 above will usuatly be small at the velocities typical
in SSD pipes; assumning that 1,500 ft/min is the highest pipe
velocity that can be tolerated due to flow noise in the piping,
the maxirum suction loss due to pit gas acceleration would
be on the order of 0.05 in. WG, depending on pipe diameter.
As a result, this first factor can usually be neglected.

Thus, only the suction losses due to piping friction (Item 2
above) usuatly need to be considered. To address this, the
mitigator would have to estimate what the suction losses in
the envisioned system piping will be as a function of flow
rate, using the procedures discussed in Section 4.6.1. The
sub-slab depressurization vs, vacuum flow performance curve
would then have to be corrected accordingly. For example,
assume that the vacuum cleaner flow testing showed a flow of
30 cfm at a baseline sub-slab suction of 0.75 in. WG, and a
flow of 40 cfm at 1.5 in. WG. And assume that the piping
suction loss calculations suggested that piping losses would

* be about 0.08 in. WG at 30 cfm and 0.14 in. WG at 40 cfm.

Under these conditions, the modified sub-slab performance
curve would be plotted using a flow of 30 cfm at 0.75 + 0.08
= (.83 in. WG, and a flow of 40 cfm at 1.5 + (.14 = 1.64 in.
WG, That is to say, the fan would have to be able to maintain
a suction at the fan of 0.83 in. WG when the flow is 30 cfm, in
order to maintain a suction in the suction pit of 0.75 in. WG at
that flow.

In some cases, when the flows are low, the suction losses due
to pipe friction might be low enough to be neglected, just as
the losses due to pit acceleration, In those cases, the measured
sub-stab performance curve could be used without modifica-
tion.
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The decision regarding whether or not the more extensive
sub-slab flow measurements are a cost-effective diagnostic
test rest with the individual mitigator, and will be based upon
the specific conditions that the mitigator encounters. How-
ever, it is expected that most mitigators will find this diagnos-
tic test unnecessary most of the time.

3.5.2 Well Water Radon Analysis

Radon released from the surrounding soil and rock will dis-
solve t0 a certain degree in the underground aquifers from
which wells draw. If a house is served by a private or
community well, and if the well water is not aerated before
use in the house, a significant fraction of the dissolved radon
will be released into the air when the water is used. The
release of the waterborne radon will be especially great when
the water is aerated during use (e.g.. when sprayed through a
shower nozzle or in a dishwasher), and when the water is
heated. The waterborne radon will thus contribute to the
airbome radon levels in the house.

Water that is drawn from reservoirs and rivers, and water that
has been treated by municipal water authorities will generally
have very low radon concentrations. Thus, only water that is
drawn directly from wells (without any intermediate aeration
step) may be of concern.

Based. upon typical water usage rates in a house, typical
natural ventilation rates, and typical house volumes, a rule of
thumb is that 10,000 pCi/L of radon in well water will
contribute approximately 1 pCi/L. to the indoor air concentra-
tions, on the average over time, and on the average throughout
the house (Bru83). By this rule of thumb, 40,000 pCi/L in the
water would contribute an average airborne level equal 1o
EPA’s original action level of 4 pCi/L. Of course,
water-induced airborne concentrations would be greatest at
the time that the water was being used, in the immediate
vicinity of where it was being used. While the exact contribu-
tion of the well water o the airbome levels will vary from
house to house, because water usage rates, natural ventilation
rates, and other parameters will vary from the typical values
assumed, it has generally been found that the 10,000:1 mle of
thumb is reasonably good (Be84, Fi91).

Any radon that is being contributed to the indoor air by the
well water will not be impacted by an ASD system, which can
address only that portion of the radon entering the house with
soil gas. In the large majority of cases (although not always),
the soil gas contribution to indoor levels will be much greater
than that from well water. However, in geographical areas
where elevated radon concentrations in the well water are
common, radon from water can sometimes complicate the
ability to achieve indoor levels below 4 pCi/L with ASD
alone. In those cases, a water treatment step could be required
in addition to ASD. In cases where it is desired to reduce the
indoor concentration to levels well below 4 pCi/L, the radon
contribution from well water will become increasingly impor-
tant.

Mitigators working in areas where elevated water concentra-
tions are sometimes encountered will be well advised to
confirm the water radon levels. This knowledge will permit

the mitigator to provide the best guidance to the homeowner
regarding the reductions that might be anticipated with the
ASD system. It will also save the mitigator from offering a
guarantee to achieve 4 pCi/L. (or some lower level) with ASD
when in fact the water source might be sufficient to prevent
that level from being achieved without water treatment,

In some cases, the homeowner might have already obtained a
well water radon measurement through contacts with state or
local agencies. But where the homeowner has not done this,
the mitigator may be called upon to provide guidance on how
the homeowner can get the water measurement made, or
perhaps to arrange for the measurement himself,

The following discussion describes how to proceed in obtain-
ing an analysis of the radon concentrations in water. As
emphasized in the preceding discussion, such analyses are
necessary only if: a) the house is served by a well; and b)
experience in the area shows that well water radon concentra-
tions can sometimes be high; and c) the homeowner has not
already had an analysis completed.

+ Screening using a gamma meter

Before incurring the cost of sending a water sample to a
laboratory for ana.lyszs a simple, qualitative screening test can
be conducted using a gamma meter to assess whether water
radon concentrations might be high.

If radon levels in the water are sufﬁclently elevated, radon
decay products and lead-210 deposned in the plumbing sys-
tem will result in gamma radiation in the plumbing signifi-
cantly above background levels. A gamma reading might be
taken against the well water tank inside the house. One
complication in using the water tank is that, if other radionu-
clides such as uranium or radium are present in the water,
these elements will also contribute to the gamma radiation at
the tank. It would be preferred to make the gamma measare-
ments at some other location where a mass of water stands,
but where uranium and radium will not be deposited. One
location that meets these criteria is a commode.

I the gamma levels measured at a commode or elsewhere in
the plumbing are significantly above the background levels
measured in the house remote from the plumbing, this sug-
gests that well water radon concentrations may be elevated. In
this case, it would be advisable to have a water sample sent to
a laboratory for quantitative analysis.

* Analysis by a laboratory

The analysis of the water sample must be conducted by a
qualified Iaboratory. Thus, the role of the mitigator would be
to ensure that a good sample is properly drawn and provided
to the lab. In some cases, a state agency may operate a
laboratory which can conduct the analysis. Or, the state may
be abie to indicate laboratories in the area that can conduct
such analyses, if the mitigator is not already aware of a
suitable lab. Thus, the logical first step would be a contact
with the appropriate state agency listed in Section 15 of this
document, If the state cannot conduct the analyses or identify
candidate laboratorics, various laboratories offer analytical
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services by mail. These laboratories advertise in the trade
literature.

Whichever laboratory is selected for the analysis will provide
a vial in which to collect the sample. The Iab will also provide
instructions for collecting the sample, which will then be
retumned to the lab. The person collecting the sampie should
follow the instructions from the specific laboratory that hefshe
is dealing with,

Depending upon the particular lab, the house water sample
might be injected (in known quantity) directly by the sample
colector into a “cocktail” of organic compounds. The com-
pounds in the scintillation cockail emit photons of energy
upon excitation by the alpha particles released by the radon,
thus permitting the alpha emissions to be counted in the lab,
Sometimes a known quantity of water sample ts injected into
a vial containing mineral oil, which extracts the radon out of
the water and which is subsequently mixed with the cocktail
at the laboratory. Altematively, the sample could be collected
by filling an empty sample vial, with the injecdon of the
sample into the cocktail being handled later at the lab.

The typical sampling procedures discussed below addresses
both sampling methods.

- ldentify a tap in the house plumbing (indoors or out-
doors) where a water sample can be drawn, prior to any
carbon filter that may be present, and preferably prior
to any water softener. This tap must be a cold water tap,
so that the water sample will not have been heated (and
thus potentially de-gassed) in the water heater.

- Before sampling, allow the water to run from the tap
for a period of time to flush the “old” water out of that
branch of the plumbing. This step is particularly impor-
tant at taps {such as outside spigots) which may not
have been used in days or weeks; some significant
portion of the radon originally present in the old water
may have decayed away.

- if the sample is being collected in an empty vial pro-

vided by the lab (which will most commonly be the

case):

-- Place a rubber adapter over the selected tap, con-
nected to a length of tubing which directs the water
to the sampling vial. The adapter prevents any
aeration of the sample as it leaves the tap, even if
the tap has an aerator. (If there is any doubt, remove
the aerator.)

- Allow the water to flow, via the length of tubing,
- into the open sample vial. The end of the tubing
should be placed well below the water surface in the
vial, to avoid aeration. The water is allowed to flow,
overflowing at the mouth of the vial, uniil the viai
has been flushed a number of times.

-- The vial is then immed:ately capped, using care to
avoid any air bubble in the vial.

-~ Alternatively, instead of the rubber adapter, fill a
bowl or bucket with water continuously running
from the tap, with the tap outlet (including any
agrator) below the water surface in the bucket.
Water will be continuously overflowing the top of
the bucket. Submerge the capped vial in the bucket;
remove the cap beneath the tap, allowing the vial to
fill; then re-cap the vial under water, making sure
that no air is trapped.

-~ The vial is then immediately delivered or mailed to
- the lab for analysis.

- If the sample is to be injected directly into the cocktail
(or into mineral oil) by the sample collector:

-- Where a rubber adapter with tubing has been placed
over the tap, allow the water to flow, via the length
of tubing, into a suitable small open container. The
end of the tubing is placed well below the water
surface in the container, to avoid aeration where the
water leaves the tubing. The water is allowed to
flow until the container has been flushed a number
of times.

-- Using a syringe, a known quantity of water in the
container (as specified by the iab) is withdrawn, and
is injected into the capped vial containing the cock-
tail. The vial is then vigorously shaken, to mix the
water sample and the cocktail. The sample with-
drawn from the container using the syringe should
be withdrawn well below the surface of the water in
the container,

- Alternatively, instead of filling a container, bend
the tubing upward and turn the tap on slowly, so
that the water slowly overflows the upward-directed
end of the tubing. Insert the syringe needle down
into the open end of the tubing, and withdraw the
water sample from well below the surface. If the
water sample is being drawn from an outside spigot,
a short length of hose screwed onto the spigot
would serve this same purpose.

-- The vial is then immediately delivered or mailed to
the Iab for analysis.

3.5.3 Measurements to 